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Abstract: Frequent droughts induced by climate warming have caused increasing impacts on the veg-
etation of the Loess Plateau (LP). However, the effects of drought on vegetation are highly dependent
on when the drought occurs and how long it lasts during the growing season. Unfortunately, most
of the existing drought indices ignore the differences in the drought effects on different vegetation
growth stages. In this study, we first established a phenology-based vegetation condition index,
namely weighted vegetation condition index (WVCI), which accounts for the differences in vegetation
sensitivity to drought by assigning specific weights to different phenological stages of vegetation.
Then, we used the WVCI to reveal the temporal and spatial variations in vegetative drought from
2001 to 2019 over the LP from the aspects of drought frequency, trend and relative deviation. The
results showed that (1) the LP experienced frequent droughts during the study period, but mainly
mild and moderate droughts. The drought frequencies decreased from southeast to northwest, and
extreme droughts rarely occurred in mountainous areas and plains. (2) The droughts in most areas
of the LP tended to ease, and only a few areas in the Hetao Plain, Ningxia Plain and Fenwei Plain
showed an increasing trend of drought. (3) After 2012, the departure percentage of WVCI in most
areas of the LP was positive, indicating above-average vegetation conditions. (4) Compared with
the well-established vegetation condition index, the WVCI proved to have the ability to monitor and
assess vegetative drought on an annual scale in the LP. As a result, our research could help develop
and implement drought-resistance and disaster-prevention measures on the LP.

Keywords: vegetative drought; phenological metrics; weighted vegetation condition index

1. Introduction

Drought is one of the most complex and severe natural disasters, mainly caused by a
lack of precipitation and intense evaporation, especially in semi-arid and arid regions [1].
Drought is not only an important factor leading to the deterioration of ecosystems and
the environment but also an important obstacle to food security and economic-social
development. According to the recently released report “Climate Change 2021: Natural
Science Basis” [2], it has been found that the 50 years since 1970 have been the warmest
in the past 2000 years. Under the background of global warming and drying, drought
disasters show an increasing trend in frequency, intensity and impact in recent decades
across many regions worldwide [3-6].

Standardized drought indices are often used to quantify drought events. These indices
can be classified into two types based on data from meteorological stations or satellites. The
station-based drought indices consider meteorological factors (precipitation, evaporation,
soil moisture, etc.), such as the Palmer drought severity index (PDSI) [7], standardized
precipitation index (SPI) [8], and standardized precipitation evapotranspiration index
(SPEI) [9], etc. These drought indices are excellent at assessing drought conditions near
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meteorological stations. Still, they fall short of describing and monitoring regional-scale
drought trends, particularly in areas with few meteorological stations or a high degree of
considerable geographic variability [10,11]. The satellite-based drought indices make it
possible to monitor vegetation growth conditions on a large spatial scale. These drought
indices consider the surface vegetation coverage, such as the normalized difference vegeta-
tion index (NDVI) [12], vegetation condition index (VCI) [13] and temperature vegetation
dryness index (TVDI) [14], etc. Among these proxies, the World Meteorological Organi-
zation (WMO) recommends VCI for assessing droughts (i.e., the impact, duration and
intensity of droughts) in a variety of places around the world [15-19], because it has the
strengths of easy calculation, not requiring in-site data, and can deliver near real-time data
at a high spatial resolution anywhere in the globe [20], and its dependability has been
validated by several studies [17-21].

The Loess Plateau (LP) is located in northwestern China. It has been one of the most
important agricultural areas in China for thousands of years, and currently benefits 8.7%
of the total population of China [22,23]. However, the frequent droughts in the region
increase the risk of natural disasters, and severely threaten agricultural production [24].
Furthermore, the water shortage restraint has hindered the healthy and sustainable devel-
opment of the ecological environment of the LP, and the uneven distribution of precipitation
throughout the year also makes the LP suffer from severe soil erosion [25,26], which may
bring many negative effects on nature, such as decreased agriculture productivity and
water pollution. To control soil erosion, a number of scientists and policymakers support
intensive vegetation over large areas, despite the fact that this could increase transpiration
and exacerbate water scarcity [26]. With global warming, the mean climate (annual mean
temperature has a significant upward trend, but annual precipitation has no significant
downward trend [27-29] and extreme climate (the longest duration of a heat wave and
the threshold value of hot days have an upward trend, but the number of rainstorm days
has a downward trend) [30-32] on the LP have changed. The comprehensive effects of
climate change and human activities lead to more complex drought conditions in the Loess
Plateau [23].

Most of the previous studies involving spatiotemporal analysis of droughts in the
LP were based on meteorological factors, such as precipitation and temperature [33-38].
Wang et al. [36] explored the temporal-spatial variations in drought on the LP based on SPI
and SPEI, and discussed the correlation between drought index and atmospheric circulation.
Li et al. [37] employed SPI to analyze the characteristics of regional meteorological droughts
and their linkage with the southern oscillation index throughout the LP. Sun and Ma [38]
estimated the PDSI based on monthly precipitation and temperature from 53 meteorological
stations in the LP, and pointed out that precipitation had a key influence in the inter-annual
variation in the PDSI. In addition, a few scholars have employed VCI to monitor the drought
conditions and proved its applicability on the LP. For example, Li et al. [11] demonstrated
that VCI is superior to SPI for the real-time monitoring of agricultural droughts on the
LP. Li et al. [39] pointed out that the VCI index has advantages in monitoring agricultural
drought in the Shaanxi Province. However, their studies ignored the differences in the
effects of drought on key phenological stages of vegetation growth. As the study by
Wang et al. [40] found, when drought strikes at an earlier point in the crop growth cycle,
it has a greater influence on crop yields than when it occurs later. Surveys such as that
conducted by Walz et al. [41] showed that the effects of drought on the initial and middle
stages of vegetation growth were greater than those at the end of vegetation growth. In
India, another study by Das et al. [42] pointed out that the impact of drought on agriculture
varies depending on when it happens and how long it lasts. Hence, Graw et al. [4]
developed a weighted linear combination (WLC) method to account for crop growing
stages vulnerable to drought, and they concluded that the WLC was more accurate for
assessing drought severity than yearly median VCI values over the vegetation growing
season in the Eastern Cape Province, South Africa. Therefore, it is necessary to carry out a
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comprehensive assessment on vegetative drought over the LP, accounting for the timing of
drought occurrence during the growing season.

The primary objective of this study was to present a detailed spatiotemporal analysis
of vegetative drought using a phenological-based vegetation condition index on the LP. The
specific objectives include the following: (1) establishing a weighted vegetation condition
index (WVCI) using VCI by combining phenological parameters; (2) identifying the spatial
pattern of the key phenological parameters; (3) exploring the characteristics of vegetative
drought from the aspects of drought frequency, trend and relative deviation; (4) validating
the suitability of the WVCI for monitoring vegetative drought by comparing it to the
well-established VCI. The basic process of the present research is shown in Figure Al.

2. Materials and Methods
2.1. Study Area

The LP is situated between 33°43' N and 41°16’ N latitude and 100°54’ E and 114°33'E
longitude. It stretches from the Taihang Mountains in the east to the Riyue Mountains in
the west, with the Yinshan Mountains in the north and the Qinling Mountains in the south
as its borders [34]. It covers an area of approximately 6.24 x 10° km?, including seven
provinces (autonomous regions), namely Inner Mongolia, Shanxi, Henan, Shaanxi, Ningxia,
Gansu and Qinghai. The elevation ranges from 75 m in the southeast to 5149 m a.s.l. in the
northwest (Figure 1a). The climatic zone varies from a semi-humid monsoon climate zone
in the southeast to an arid climate zone in the northwest, due to numerous geographical
factors, including latitude and longitude, atmospheric circulation, and terrain. In general,
the average annual temperature increases gradually from 3.6 °C in the northwest to 14.3 °C
in the southeast, while the annual precipitation increases from 200 mm to 750 mm in a
similar direction [23]. Influenced by the climate distribution, vegetation on the LP is spread
out in strips from southeast to northwest, with the primary vegetation types being forest,
shrub, grassland and farmland, respectively (Figure 1b) [43].
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Figure 1. Topographic map (a) and vegetation type map (b) of the Loess Plateau.

2.2. Data Acquisition

Compared to NDVI, the enhanced vegetation index (EVI) is less susceptible to atmo-
spheric noise and soil background, and less saturated in dense vegetation [44,45]. Therefore,
this study selected MODIS/EVI to extract the key phenological metrics of vegetation and
calculate VCI values in the LP. The MODIS/EVI data sets from 2001 to 2019 were derived
from the online data pool at the NASA EOSDIS Land Processes Distributed Active Archive
Center (LP DAAC), USGS/Earth Resources Observation and Science (EROS) Center, Sioux
Falls, South Dakota (http://Ipdaacsvc.cr.usgs.gov/appeears/, accessed on 4 December
2020), with 16-day temporal resolution and 250 m spatial resolution. In order to further
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mask out the pixels impacted by atmospheric interferences, such as clouds as well as snow
and ice cover, the pixel reliability quality assurance layer of MOD13Q1 was used.

The MODIS land-use cover data (MCD12Q1) for the year 2019 was also collected from
http:/ /Ipdaacsvc.cr.usgs.gov/appeears/ (accessed on 4 December 2020), with 500 m spatial
resolution. The MODIS land-use covers were categorized into the following four primary
land cover classes (Figure 1b): forest, shrub, grassland, and farmland. This study assumed
that the effects of land cover changes on vegetation ecosystems were negligible because
the vegetation might be relatively stable over short periods of around ten years at regional
or global scales [46]. In addition, the MCD12Q1 product was resampled from a spatial
resolution of 500 m to 250 m to match the MODIS/EVI data using the nearest neighbor
method, which works well with discrete data in comparison with the bilinear interpolation
and the cubic convolution interpolation methods [47,48] because it can maintain and does
not destroy the gray values of the original image [49]. In this paper, the land-use data have
two main purposes. One is to mask out non-vegetation areas, and the other is to distinguish
different vegetation types affected by drought. The land-use data are not involved in the
calculation of the WVCI, so changes in its resolution have no substantial impact on the
accuracy of the drought results.

The Shuttle Radar Topography Mission (SRTM) dataset with 90 m spatial resolution
was achieved at Loess Plateau SubCenter, National Earth System Science Data Center,
National Science and Technology Infrastructure of China (http://loess.geodata.cn, accessed
on 8 November 2020). The SRTM dataset was only utilized to discover the topographic
distribution of the LP (Figure 1a).

2.3. Methods
2.3.1. Data Smoothing and Phenology Extraction

Although the MODIS/EVI time-series data have been processed by the maximum
value synthesis, there are still influences from clouds, aerosols, and other noise, which may
cause the EVI time-series to change irregularly. Therefore, before extracting the vegetation
phenology parameters, one needed to smooth the EVI time-series data to further remove the
effects of noise. Relevant studies [50,51] have confirmed that the Savitzky—Golay filtering
method performs best in most situations when de-noising time-series vegetation index data
from various satellite sensors. Therefore, the EVI time-series were reconstructed using the
Savitzky—-Golay method here.

There are a variety of phenological extraction methods available. The most frequently
used are threshold, moving average, maximum ratio, and dynamic threshold. Among
these methods, the dynamic threshold approach can be adjusted dynamically in response
to the difference between the research regions to eliminate the effects of soil background
and vegetation type. Here, we designated the start of the growth season (50OS) as the point
at which the EVI amplitude surpassed 20% of the current EVI amplitude (the difference
between the maximum and the minimum), while the time point at which EVI fell to
80% of its current amplitude was designated as the end of the growth season (EOS) [52].
Furthermore, the peak of the growth season (POS) was defined as the date on which
the greatest EVI was observed during the growing season [53]. The ratios of SOS and
EOS have been verified by Pei et al. [43] based on the phenology recorded in the field.
All the phenological metrics were extracted through Timesat (version 3.3, available from
https:/ /web.nateko.lu.se/timesat/timesat.asp, accessed on 10 December 2020), developed
by Jonsson and Eklundh [54]. In the case of a time-series spanning n years, it should
be noted that the Timesat software will only provide seasonality parameters for the n-1
middle seasons. To obtain the whole set of phenological parameters from 2001 to 2019, we
duplicated the time-series images in 2001 and 2019, and added them to the beginning and
end of the entire time-series images, respectively.


http://lpdaacsvc.cr.usgs.gov/appeears/
http://loess.geodata.cn
https://web.nateko.lu.se/timesat/timesat.asp

Remote Sens. 2022, 14, 3043

50f19

2.3.2. Vegetation Condition Index

Different from the EVI, which directly measures vegetation growth state, the VCI
reflects how many differences there are between vegetation status and background value
in a given area and can identify drought conditions based on local climate and natural
background conditions. It has the potential to mitigate the effects of geographical, climatic
and soil factors [17,55]. Therefore, VCI is frequently used to diagnose drought and quantify
its onset, severity, duration, and effect on vegetation [56]. In this work, the VCI was applied
to create and validate the WVCI. The VCI was computed as the following equation:

EVL — EVI,

VCI; =
c ' EVImax — EVIgin

x 100 (1)

where EVI], is the ith smoothed 16-day EVI value of the pixel in a specific period, EVInax
and EVI, are the multi-annual maximum and minimum, respectively, calculated for each
pixel during 2001-2019.

2.3.3. Weighted Vegetation Condition Index

Drought has a greater influence on vegetation growth during POS, as well as between
SOS and POS, compared to the senescence stage [41]. Therefore, it is necessary to assign
distinct weights to different phenological stages of vegetation so as to account for changes
in the susceptibility of vegetation to drought at various periods of its growth [4]. The
calculation for the proposed index consists of the following five main steps: (1) calculating
multi-year averages of the key phenological parameters SOS, POS and EOS pixel by pixel;
(2) screening out the raw VCl images in the vegetation growing season every year according
to the average SOS and EOS; (3) dividing the selected VCI images in each year into the
following three individual groups depending on their timely position: (a) from SOS to
16 days before POS, (b) during POS, and (c) from 16 days after POS to EOS; (4) averaging
the VCI images in each group separately; and (5) merging the three mean VCI images
obtained in step (4) using the weight five for group (a), seven for group (b), and one for
group (c), respectively (see Figure 2), and one WVCI layer remained for each year. The
calculation of WVCI can be expressed as follows:

WVCI; = mean(VCligpp(a) X 5+ VCligge() % 7+ VCligpp(e) X 1) @)

where VCljpe(4), VCligpe(p) and VCligy, () are the average VCl value for groups (a), (b) and
(c) in a specific year i, respectively. mean is the mean function. The values of WVCI vary
from 0 to 100, with lower values indicating worse vegetation growth and greater levels of
drought. It should be worth mentioning that the weights applied in the WVCI were created
following a review of the literature [4,41] and collaboration with local experts.
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Figure 2. Schematic diagram for weighted vegetation condition index (WVCI) calculation.
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2.3.4. Drought Frequency

According to the drought classification criteria published in the literature [41,57],
vegetative droughts were classified into five grades, as indicated in Table 1. Then, the
various grades of drought frequency were estimated using Equation (3).

f= % x 100% 3)

where f denotes the drought frequency, n represents the number of distinct grades of
drought throughout the study period, and N denotes the entire duration of the study
period (19 years in this paper).

Table 1. Drought classification according to VCI/WVCI values.

Drought No Drought Mild Moderate Severe Extreme
Grade 8 Drought Drought Drought Drought
VCL/WVCL >40 30~40 20~30 10~20 <10
value

2.3.5. Trend Analysis

The Theil-Sen slope [58], which is not sensitive to missing values and outliers, was
employed to estimate the rate of change in WVCI at the pixel level. The Theil-Sen slope
calculation is shown in Equation (4). Meanwhile, the Mann-Kendall method was used to
test the significance of variation trends (for more information, see Mann [59]).

WVCI, — WVCJ,

B = Median ( -

), k>i 4)

where 8 is the rate of change, WVCI; and WVCI; are the ith and kth values after sorting,
respectively, and median is the median function. A value of 8 > 0 indicates that the WVCI in
the growing season tends to increase, and the degree of drought slows down; otherwise, the
WVCI value in the growing season tends to decrease and the degree of drought intensifies.

2.3.6. Departure Analysis

The departure percentage (D), computed using Equation (5), was employed to analyze
temporal variations in the WVCL

D;= (WVCI, — WVCI) /WVCI x 100 (5)

where D; is the D value of the pixel in a specific year i, WVCI; is the WVCI value of the pixel
in a specific year i, and WVCl is the mean WVCI value during the period from 2001 to 2019.
If D; <0, it indicates that soil moisture is relatively deficient and vegetation conditions are
worse than average, and vice versa [17].

2.3.7. Validation of the WVCI

Ideally, the WVCI should be compared with drought impact data to determine its
usefulness for monitoring vegetative drought [20,42]. Due to the scarcity of these data, this
paper employed Pearson correlation coefficient to test the relationship between the WVCI
and the VCI for proving the effectiveness of the WVCI in assessing the drought conditions
across the LP. However, Pearson correlation coefficient is a parametric test. It can measure
the linear relationship between two variables, but requires that both variables are normally
distributed. We had a small sample size (only 19 years of data), so a Shapiro-Wilk test [60]
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was performed to determine the normality of VCI and WVClI separately. The calculation
formula of Pearson correlation coefficient was as follows:

N

Y. (WVCI, — WVCT) (VCI; — V)
Rwvcrver = =1 (6)
N , N
\/ ¥ (WVCI, — WVCI)
l 4

Y. (VCI; — VCI)
i—1 i=1

where Rwycrvcr is the Pearson correlation coefficient between the WVCI and the VCI for
each pixel. VCI, is the VCI value of the pixel in a specific year i, and VCI is the mean VCI
value during the period from 2001 to 2019. The meanings of the other variables are the same
as in the above formulas. The Shapiro-Wilk tests and Pearson correlation coefficients were
calculated for each pixel using the statistics package in R statistical software and the t-test
was used to check the significance of the correlation coefficient [17]. Under the premise
of normal distribution of time series, if the correlation coefficient between the WVCI and
the VCl is positive and the p-value is less than 0.05, it is thought that there is a statistically
significant link between them [17].

3. Results
3.1. Spatial Patterns of Vegetation Phenology

According to the vegetation phenology extraction method described in Section 2.3.1,
the spatial distributions of the SOS, POS and EOS were obtained from 2001 to 2019 in the
LP. Based on the phenology parameters each year, we averaged the SOS, POS and EOS for
the observation period (Figure 3). As indicated in Figure 3a, the SOS of the vegetation was
predominantly spread in the range of the 90th-150th day of the year (DOY), accounting
for about 86.85% of the study area. The areas with SOS earlier than the 90th DOY were
mostly concentrated in the Guanzhong Plain and Fenhe Valley in the southern part of the
LP, accounting for about 6.42% of the total pixels. The SOS of vegetation in northern Shanxi
and the Helan mountainside was later than the 150th DOY, accounting for about 6.73%. In
conclusion, vegetation began to grow earlier in the valley-plain locations with relatively
warm and humid climates, while vegetation started to grow later in the northeast and
northwest of the LP, due to relatively dry and cold climates. The SOS of vegetation on
the LP generally showed the law of delaying from the Guanzhong Plain in the southern
low-altitude areas to the Ordos Plateau in the northern high-altitude areas.

As observed from Figure 3b, the POS of the vegetation mainly ranged from the 200th
to the 240th DOY (pixels accounted for approximately 84.93%), and its spatial distribution
pattern was very similar to that of SOS. An earlier POS before the 200th DOY mainly
occurred in the southern part of the LP and the earliest in the Guanzhong Plain. A later
POS, occurring at the 220th—240th DOY, was mostly distributed within the northern LP. In
general, the POS was gradually delayed from southeast to northwest.

The EOS mostly varied from the 240th to the 280th DOY, which takes up about 92.94%
of the study area (Figure 3c). The earliest EOS mostly occurred in mountainous areas
with forest land, including the Qinling Mountain in the southern LP, Riyue Mountain in
the western LD, Jishi Mountain and Longshan Mountain in the southern Gansu Province,
Ziwuling and Huanglong Mountain in ShaanxiProvince, as well as Luliang Mountain,
Zhongtiao Mountain and Taihang Mountain in ShanxiProvince. The following areas were
the Ningxia Plain and Hetao Plain in the northwest of the LP, probably because the crops
had been harvested. The latest EOS, which occurred after the 270th DOY, was discovered
mostly in the Longzhong Plateau and the Northern Shaanxi Plateau. Although there was
no discernible spatial variation for the EOS, a gradual delay trend from the north to the
south was still noted (Figure 3c).
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Figure 3. Spatial pattern of the annual mean values for the (a) start of the growing season (SOS),
(b) peak of the growing season (POS) and (c) end of the growing season (EOS) of the four vegetation
types in the LP from 2001 to 2019. “DOY’ is the abbreviation for ‘day of the year’.

3.2. The Frequency Distribution of Droughts at Various Levels

According to Table 1 and Equation (3), the spatial distributions of drought frequency
for the four grades (mild, moderate, severe, and extreme) were calculated (Figure 4). As
shown in Figure 4a, except for Luliang Mountain, the spatial pattern of the mild drought
occurrence frequency was relatively uniform across the LP, and the drought frequencies
were mostly between 5% and 25%. In other words, mild droughts occurred 1 to 4 times in
most areas of the LP during 2001-2019. Compared to mild drought, the spatial pattern of
the moderate drought occurrence frequency was more obvious (Figure 4b). The frequency
in the western LP was considerably higher than that in the eastern LP. In particular, the
higher frequency was mainly distributed on the Ordos Plateau, while the lower frequency
was concentrated along the Yellow River. The areas with moderate drought frequency
below 10% (1 time) accounted for about 40.09% of the total pixels, and the areas with
that between 10% and 25% (2 to 4 times) accounted for about 52.63%. The spatial pattern
of the severe drought frequency was roughly the same as that of the moderate drought
frequency (Figure 4c). The areas without severe drought were mainly located in the central-
northern parts of the Shanxi Province and the central part of the Shaanxi Province, while
the severe drought frequencies were above 10% in the Longzhong Plateau, the central-
southern Ningxia Province, and the Ordos Plateau. For the extreme drought frequency,
there was a clear southeast-northwest gradient across the entire study area (Figure 4d).
An approximate 37.73% of the LP did not experience extreme drought. The areas without
extreme drought were primarily located in the southern and eastern parts of the LP, the
Hetao Plain, the Ningxia Plain, and the Wushaoling Mountains. The extreme drought
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frequencies were mostly 5-10% (1 to 2 times) in the northwest of the LP, which were mostly
situated in the mid-east of the Northern Shaanxi Plateau, the west of the Ordos Plateau,
the central-southern part of Ningxia Province, and the north of the Longzhong Plateau,
accounting for 59.96% of the total pixels. In general, the overall drought frequencies were
high in the LP, but most droughts were mild and moderate, and the severe and extreme
drought frequencies were relatively low.
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Figure 4. Spatial pattern of drought frequencies for various drought grades during the vegetation
growing period according to WVCI values across the Loess Plateau. (a) Occurrence frequency of mild
drought; (b) occurrence frequency of moderate drought; (c) occurrence frequency of severe drought;
(d) occurrence frequency of extreme drought.

3.3. Drought Trends

Figure 5 showed the spatial pattern of vegetative drought trends, which was divided
into four categories by Mann-Kendall (significant increase, non-significant increase, signifi-
cant decrease and non-significant decrease). Overall, the WVCI increased significantly at a
rate of 0.42 a~!, which passed the significance test of « = 0.05. It means that the drought
conditions generally tend to ease. However, there were obvious spatial differences in the
trend variations in WVCI. The WVCI values in most areas of the LP showed an increasing
trend, increasing in 95.18% of the total pixels and significantly increasing in 68.99% of
the pixels. The areas with rapidly increasing WVCI values were mainly concentrated in
the Luliang Mountain, the northern Shaanxi Plateau, the eastern Ordos Plateau, and the
Liupan Mountain, with an average increase rate of more than 0.6 a~!. The regions with
reduced WVCI value, accounting for approximately 4.82% of the total pixels, were primarily
concentrated in the Hetao Plain, the west of Maowusu sandy land, the Ningxia Plain, the
Waushaoling Mountain, the Fenwei Plain, and the surrounding areas of Zhengzhou city,
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where only 0.85% arrived at « = 0.05 significance level. It is worth mentioning that most
regions with reduced WVCI values are the main grain-producing areas, and the increased
drought risk will inevitably have a certain impact on the grain yield in these regions.
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Figure 5. Trend and significance of the growing-season WVCl in the Loess Plateau from 2001 to 2019.
(a) Growing-season WVCI trend; (b) significance of growing-season WVCI trend. ‘Sig In’, ‘Nonsig
In’, ‘Sig De” and ‘Nonsig De’ are abbreviations for ‘significant increase’, ‘non-significant increase’,
‘significant decrease” and ‘non-significant decrease’, respectively.

3.4. Temporal Variations in the WV CI

Trend analysis only reflects changes in long-term series, and cannot reflect the specific
vegetation growth conditions of each pixel in a specific year. In order to further analyze
the changes in the WVCI, we drew the spatial patterns of D value from 2001 to 2019 and
the temporal variations in D value for various vegetation types according to Equation (5).
In 2001, the LP suffered from severe droughts in spring and summer [61]. The D value in
most areas of the LP was less than 0 (Figure 6a), and the vegetation conditions were worse
than average. It can also be observed from Figure 7 that the D values were the minimum
in 2001 for various vegetation types. Since the Grain for Green Project started in 1999,
the afforestation area increased rapidly, especially from 2001 to 2002 [62]. Therefore, the
amplitude of the D value increased obviously on a broader area in 2002 (Figures 6b and 7).
From 2003 to 2004, the D values along the Yellow River were increasing (Figure 6¢,d).
In 2005, the LP suffered from another severe drought in spring and summer [61]. The
soil moisture in the northwestern LP and the northern Shaanxi Plateau was relatively
deficient, making it difficult to maintain normal vegetation growth (Figure 6e). With the
emergency of the ecological effect of the Grain for Green Project, the vegetation conditions
in mountainous areas of the LP had been gradually improving (as shown in Figure 6f-h),
mainly including the Qinling Mountains, Luliang Mountains, and Taihang Mountains.
From 2009 to 2010, the vegetation conditions in the central part of the LP, especially in
Yan’an and Yulin where ecological projects were implemented, were becoming evidently
better. In the summer of 2011, a severe drought occurred in the LP [61]. As a result, the
drought in the Ordos Plateau and the Longzhong Plateau worsened, and the vegetation
growth conditions deteriorated. After 2012, the WVCI values in most areas of the LP were
greater than the mean value (Figure 6i-s), meaning that the vegetation conditions were
above-average. In conclusion, the range of D values greater than 0 increased gradually in
the LP from 2001 to 2019, especially after 2012, and the D values of the four vegetation types
all showed a fluctuating upward trend, which indicated that the vegetation conditions had
been gradually improved and the vegetative droughts had been gradually alleviated. The
results also verified the conclusions in Section 3.3. from another aspect.
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Figure 6. Spatial pattern of the departure percentage of WVCI across the Loess Plateau from 2001
to 2019.
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Figure 7. Temporal variation in D time series for the (a) forest, (b) shrub, (c) grassland and
(d) farmland in the Loess Plateau from 2001 to 2019. ‘D’ represents the departure percentage of WVCI.

3.5. Relationship between WVCI and VCI

The VCI has been extensively used for vegetative drought monitoring in various
regions around the world [15-19]. Therefore, correlations between WVCI and VCI were
calculated to assess the effectiveness of WVCI in drought monitoring [63]. The results of



Remote Sens. 2022, 14, 3043

12 0of 19

40°N

the Shapiro-Wilk test for VCI and WVCl revealed that approximately 95.01% of the VCI
values and about 94.61% of the WVCI values did not show evidence of non-normality (see
Figure A2). Based on this outcome, the Pearson correlation coefficients between VCI and
WVCI could be considered to be statistically meaningful. The correlation coefficients and
the p-value between the WVCI and the VCI for the growing periods from 2001 to 2019 were
illustrated in Figure 8. As observed in Figure 8a, all the correlation coefficients between
WVCI and VCI were positive, with the lowest value being 0.44 and the spatially averaged
correlation coefficient was 0.96. A p-value of less than 0.05 accounted for 1,028,114 pixels
(1,028,118 pixels in total), of which 1,028,102 pixels were less than 0.01 and only 4 pixels were
greater than 0.05 (Figure 8b). In addition, the correlation coefficients for various vegetation
types between WVCI and VCI have also been calculated during the growing seasons from
2001 to 2019 (Table 2). It can be observed that the higher correlations corresponded to
shrub and grassland, while the relatively weaker were observed for forest and farmland.
According to Figures 1b and 8a, we can also obtain the same results. The mean correlation
coefficients for various vegetation types between WVCI and VCI were all significant at the
0.01 level. It means that the WVClI is strongly correlated with the VCI overall. Thus, it can
be concluded that the phenology-based WVCI has the ability to effectively monitor and
assess the vegetative drought across the LP.
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Figure 8. Spatial distribution of the Pearson correlation coefficient (a) and the p-value (b) between
WVCI and V(I for the entire growing season from 2001 to 2019.

Table 2. Mean correlation coefficients between WVCI and VCI for various vegetation types through-
out the growth season between 2001 and 2019.

Vegetation Type Forest Shrub Grassland Farmland
Correlation coefficient 0.93 0.97 0.97 0.95

4. Discussion
4.1. Comparison of Research Results Based on the WVCI and Other Drought Indices

The evaluation of long-term drought in the vegetation growing season can serve as a
guide for formulating and implementing early warning and drought resistance strategies for
vegetative drought. Taking WVCI as the drought indicator in this research, we investigated
the temporal and spatial variations in drought in the vegetation growing season across the
LP from the aspects of drought frequency, trend and relative deviation. The results showed
that droughts occurred frequently in the LP, but mainly mild and moderate droughts.
Drought frequency reduced as one moved from southeast to northwest, and the droughts
tended to ease on the whole. The findings were mostly congruent with the conclusions
drawn from the VCI [11] and PDSI [64] analyses of the temporal and spatial evolution of
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drought in the LP, but differed from those drawn from SPI [33] and SPEI [34,65] studies.
This might be because the SPI/SPEI only measures the meteorological drought, but the
VCI/WVClI reflects the comprehensive impacts of meteorological drought on vegetation,
including precipitation, temperature, evaporation, vegetation type, and so on. The PDSI
is similar to the VCI in that it takes temperature, humidity, evaporation and recharge rate
into account [55]. As a result, VCI/WYVCI can more accurately reflect the real impacts of
drought on vegetation than SPI/SPEI. Comparing Figure 4 with Figure 9, we found that
the drought frequencies of various grades calculated based on VCI were consistent with
the results based on WVCI in spatial distribution, but the range of severe drought and
extreme drought monitored based on VCI was slightly smaller than that based on WVCL
As observed from the mean values of drought frequency, there were minor differences
between the mean drought frequencies of mild drought and moderate drought based
on VCI/WVCI, which were 15.71%/15.12% and 10.61%/10.97%, respectively. The mean
drought frequency differences of severe drought and extreme drought were slightly larger,
which were 5.52%/6.37% and 3.22%/4.07%, respectively. Therefore, the ability of WVCI
may be better than VCI in detecting severe drought and extreme drought.
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Figure 9. Spatial pattern of drought frequencies for various drought grades during vegetation
growing period according to VCI values across the Loess Plateau. (a) Occurrence frequency of mild
drought; (b) occurrence frequency of moderate drought; (c) occurrence frequency of severe drought;
(d) occurrence frequency of extreme drought.

4.2. Vegetation Growth Conditions

Climatic factors, such as drought, precipitation and temperature, are the main driving
forces affecting vegetation change in the LP [61,66]. The dynamic evolution of vegetation
conditions in the growth season was consistent with the incidence of drought in the LP [61].
The spatial distribution of vegetation conditions varied over time (Figure 6). The average
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value of WVCI in 2001-2011 was lower than that in normal years, especially in the years
2001, 2005 and 2011 (Figure 7). The reason might be that the LP suffered from severe spring
and summer droughts in 2001 and 2005, and a strong summer drought in 2011 [61]. In
addition, the Grain of Green Project also had an important impact on the dynamic change
in vegetation. Sun et al. [67] showed that the afforestation area in the LP increased from
3 x 10* km? in 1999 to 5.9 x 10* km? in 2006, and the NDVTI indicated a general rising
trend, particularly in Yan’an and Yulinin of the northern Shaanxi province. Zhao et al. [61]
found that the vegetation coverage and the cumulative afforestation area in the LP had
a substantial association. Thus, the Grain of Green Project, which began in 1999, may be
regarded as playing a significant role in the rise in WVCI during the vegetation growing
season from 2001 to 2019.

4.3. Factors Affecting WVCI Performance

The phenological metrics (SOS, POS and EOS) were used to divide the growth stages
of vegetation, so as to generate WVCI by linearly combining the mean values of VCI at
different growth stages. In this work, the dynamic thresholds of SOS and EOS in the LP
were set to 20% and 80% of the EVI amplitude, respectively. The reliability of the thresholds
has been verified by some scholars [43,68] and phenological data recorded by ground
stations [68]. However, due to inconsistent data sources and time periods, the multi-year
average SOS and EOS values obtained by various scholars showed some differences in
space. The spatial patterns of the multi-year average SOS and EOS in this study were
consistent with the results of most scholars [43,68-70], but EOS was slightly different from
their results in the size of the value. Studies by many scholars [51,71,72] have shown that the
SOS of vegetation in the LP tends to advance, EOS tends to delay, and the growing season
becomes longer. As a result, the differences and variations in phenological parameters may
lead to the deviations in WVCI to a certain extent.

In this research, the seasonality parameter, which determines the number of growth
seasons in one year, was set to 1 in the software TimeSat 3.3. A value 1 of the parameters
will force the program to treat all data as if there is one season per year [73]. In other
words, when we used TimeSat 3.3 to discriminate the SOS and the EOS, we did not
separately consider the impact of summer harvest on EVI, so that both natural vegetation
and agricultural vegetation were considered to have one growing season per year. However,
double growing seasons occur in many parts of the world, including the parts of the
southeastern Loess Plateau. For example, there is a winter-wheat and summer maize
rotation planting structure in Guanzhong Plain and Fenhe Valley, so the EVI values will
have double peaks within a year. The areas where the SOS of vegetation is earlier than
the 90th DOY pointed out in our study are likewise mostly located in these two regions
(Figure 3a). This is because winter-wheat starts to turn green from the end of February to
the beginning of March. However, the EOS of vegetation in these two areas is determined
by the maturity date of summer maize. This implies that the WVCl is only suitable for a
single crop when it is used to assess the drought of agricultural vegetation.

5. Conclusions

The phenology-based WVCI is derived from the well-established VCI, which is a
worldwide drought index; therefore, WVCI can also be used for drought monitoring and
assessment globally. A similar approach has also been used by Graw et al. [4] to classify
drought severity on vegetation production annually in the Eastern Cape Province of South
Africa between 2000 and 2017. However, due to its inherent property of WVCI calculation,
it is only suitable for annual drought analysis on vegetation.

This study attempted to reveal the spatial and temporal variations in vegetative
droughts over the LP using the WVCI from the aspects of drought frequency, trend and rela-
tive deviation, and assess the drought monitoring performance of the WVCI by comparing
the estimates with VCI. The major findings included the following: (1) the LP experienced
frequent droughts during the study period, but mainly mild and moderate droughts. The
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drought frequencies decreased from southeast to northwest, and extreme droughts rarely
occurred in mountainous areas and plains. (2) The droughts in most areas of the LP tended
to ease, and only a few areas in the Hetao Plain, Ningxia Plain and Fenwei Plain showed
an increasing trend of drought. (3) After 2012, the vegetation conditions in most parts of
the LP were better than average. (4) Compared with VCI, the WVCI proved to have the
ability to monitor and assess vegetative drought in the LP. The findings may aid water
resource managers in improving the accuracy of large-scale regional drought assessments
and making drought relief policies to reduce the influence of drought in the study area.

In addition, a mandatory prerequisite for WVCI should be noted. We did not account
for the influence of farming systems when extracting phenological parameters in the current
study. Thus, both natural vegetation and agricultural vegetation are considered to have one
growing season per year. Consequently, if WVCl is used to evaluate the drought of various
vegetation at the same time, this index is only appropriate for the single crop areas in the
middle and high latitudes. If not, partition processing is recommended. In the following
steps, we will focus on the application of WVCI in agricultural vegetation, taking into
consideration the effect of farming systems, as well as the adjustment of weights for various
vegetation growth stages, so as to further verify the applicability and reliability of WVCI
around the world.
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Figure A2. p-values of the Shapiro-Wilk test for normality of (a) VCI and (b) WVCI separately. If
the p-value > 0.05, it denotes that the Shapiro-Wilk test does not show evidence of non-normality.
Otherwise, the Shapiro-Wilk test indicates that the distribution of time series departs from normality.
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