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Abstract: Frequent droughts may have negative influences on the ecosystem (i.e., terrestrial vegeta-
tion) under a warming climate condition. In this study, the linear regression method was first used to
analyze trends in vegetation change (normalized difference vegetation index (NDVI)) and drought
indices (Standardized Precipitation Index (SPI) and Standardized Precipitation Evapotranspiration
Index (SPEI)). The Pearson Correlation analysis was then used to quantify drought impacts on ter-
restrial vegetation in the Weihe River Basin (WRB); in particular, the response time of vegetation to
multiple time scales of drought (RTVD) in the WRB was also investigated. The trend analysis results
indicated that 89.77% of the area of the basin showed a significant increasing trend in NDVI from
2000 to 2019. There were also significant variations in NDVI during the year, with the highest rate
in June (0.01) and the lowest rate in January (0.002). From 2000 to 2019, SPI and SPEI at different
time scales in the WRB showed an overall increasing trend, which indicated that the drought was
alleviated. The results of correlation analysis showed that the response time of vegetation to drought
in the WRB from 2000 to 2019 was significantly spatially heterogeneous. For NDVI to SPEI, the
response time of 12 months was widely distributed in the north; however, the response time of
24 months was mainly distributed in the middle basin. The response time of NDVI to SPI was short
and was mainly concentrated at 3 and 6 months; in detail, the response time of 3 months was mainly
distributed in the east, while a response time of 6 months was widely distributed in the west. In
autumn and winter, the response time of NDVI to SPEI was longer (12 and 24 months), while the
response time of NDVI to SPI was shorter (3 months). From the maximum correlation coefficient, the
response of grassland to drought (SPEI and SPI) at different time scales (i.e., 6, 12, and 24 months) was
higher than that of cultivated land, forestland, and artificial surface. The results may help improve
our understanding of the impacts of climatic changes on vegetation cover.

Keywords: standardized precipitation evapotranspiration index (SPEI); standardized precipitation
index (SPI); normalized difference vegetation index (NDVI); Weihe River basin

1. Introduction

According to the sixth assessment report released by the United Nations Intergovern-
mental Panel on Climate Change (IPCC) in 2021, the global average surface temperature in
2011–2020 has increased by 1.09 ◦C compared with pre-industrialization (1850–1900) [1].
The temperature rise rate in the Weihe River Basin (WRB) is 0.35 ◦C/10a [2]. In the context
of global warming, the frequent occurrence of drought has a huge impact on the WRB
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vegetation ecosystem, leading to changes in the response time of vegetation to drought.
The response time can be defined as the characteristic time scale at which the maximum
SPEI/SPI-NDVI correlation is acquired; it emphasizes that drought impacts do not occur
instantaneously but are the result of moisture deficits accumulated over a period of time [3].
More specifically, the response time measures both how fast vegetation is adversely affected
by the drought episode and how fast it recovers from the drought disturbance, thereby is
able to, to some extent, quantify the resistance and resilience of vegetation to drought [4,5].
Therefore, it is necessary to analyze the response time of vegetation to drought over the
WRB under climate change.

Scholars have conducted a lot of research on NDVI variation characteristics and its
correlation with climatic factors (precipitation, temperature) in the WRB. Zhang et al. [6]
found that NDVI in the WRB has a strong correlation with precipitation and temperature.
Then, Pang et al. found that the correlation between precipitation, temperature, and
vegetation coverage in the WRB has obvious regional characteristics, and the impact
on vegetation coverage is relatively independent [7]. On the time scale, Wang et al. [8]
found that seasonal changes in both temperature and precipitation in the WRB have
important effects on vegetation growth, but NDVI responds more strongly to changes in
temperature than to changes in precipitation. Zhang et al. [9] found that the correlation and
lag between NDVI and temperature and precipitation differed significantly in the WRB in
different seasons. Recently, researchers studied the response of vegetation to multi-scale
drought in China, especially in the arid and semi-arid regions. For example, in China,
Zhang et al. [10] investigated vegetation response to different time scales of drought across
different vegetation types and found that annual Rmax showed significant correlation,
mainly in arid and semi-arid regions with 3–6 months drought, indicating that vegetation
biomass was influenced mainly by seasonal water availabilities. Li et al. [11] also assessed
vegetation response to multi-time scale drought across inner Mongolia and found that
typical steppe, steppe desert, and desert steppe were more sensitive to shorter time scale
droughts, while in the forest, forest steppe, and sand desert, vegetation showed a close
relationship with the longer time scale droughts.

The WRB is an important ecological barrier area and an important biodiversity con-
servation area in China. It has an important strategic position in maintaining ecological
balance and socio-economic development in the northwest region [12]. The WRB is located
in the northwest inland region of China and is a typical arid and semi-arid region [13].
However, its complex topography has a strong influence on the spatial variability of pre-
cipitation [14]. The temperature gradually rises [15]. This leads to frequent droughts. In
addition, the basin is ecologically fragile, and the total water resources are scarce [16].
This further exacerbates the vulnerability and instability of surface vegetation, which seri-
ously hinders the sustainable development of local agricultural production and ecological
economy. However, most of the studies focused on the temporal and spatial evolution
characteristics of NDVI and its correlation with climatic factors (precipitation, temperature),
while few studies explored the response of vegetation to drought in the WRB. Therefore, it
is necessary to study the response time of vegetation to drought in the WRB. Understand-
ing the relationship between vegetation responses and drought characteristics can help to
improve our knowledge of vegetation vulnerability to climate fluctuations [4] and promote
the projection precision of ecosystem responses to climate change [10]. The investigation of
vegetation response to different time scale droughts across the WRB will help shed light
on the impacts of droughts on terrestrial ecosystems and help to make plans and advise
management to reduce ecological and economic loss.

In this study, the objective is to analyze the response time of vegetation to drought
(hereafter RTVD) over the WRB based on the meteorological drought index (i.e., SPEI and
SPI) and the normalized difference vegetation index (NDVI). We intended (1) to study the
spatial and temporal evolution characteristics of interannual, seasonal, growing season,
and monthly NDVI in the WRB based on the trend analysis method; (2) to compare the
trends of SPEI/SPI at different time scales (i.e., 3, 6, 12, and 24 months); (3) to explore
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the maximum correlation coefficient between NDVI and SPEI/SPI and the corresponding
drought time scale in the WRB by correlation analysis, and to determine the response time
of vegetation (represented by the NDVI) to drought (represented by the SPEI and SPI); and
(4) to determine the RTVD over different land use types. Understanding the RTVD may
help to assess the resistance and resilience of vegetation and improve our knowledge of
the vulnerability of vegetation to climate change, which is of great significance for taking
appropriate actions to alleviate vegetation pressure. The results of this study can also
provide a background for vegetation planning and management in the WRB.

2. Materials and Methods
2.1. Study Area

The Weihe River Basin (WRB, 104◦00′ E to 110◦20′ E and 33◦50′ N to 37◦18′ N) is located
in the southern part of the Yellow River. It covers an area of approximately 13.48 × 104 km2

(Figure 1a). The northwest of the WRB is higher and which belongs to the Loess Plateau;
the southeast is lower and belongs to the plain region. Climatically, the region belongs
to the arid and semi-arid regions. It is located in the continental monsoon climate zone.
The mean annual precipitation is approximately 572 mm. The precipitation within the
basin is spatially uneven and exhibits a declining trend from south to north [17]. The
mean annual temperature is between 5 and 14 ◦C across the basin. The average annual
temperature tends to decrease from east to west and from south to north [8]. The four main
types of land use in the Wei River Basin are cultivated land, grassland, forestland, and
artificial surface (Figure 1b). The northern part is mainly grassland, while the western and
southwestern parts are mainly cultivated land. The southern, eastern, and central parts
are mainly forestland, and the southeastern plain area is mainly artificial surface, which is
more active in human activities.
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Figure 1. The location and land use of the WRB. (a) Geographical location of the WRB; (b) land use 
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Figure 1. The location and land use of the WRB. (a) Geographical location of the WRB; (b) land use
of the WRB.

2.2. Data Collection

The NDVI datasets are calculated by taking the 16-day maximum value based on the
MODSI-NDVI (MODND1D) series. The spatial resolution is approximately 1 km × 1 km,
with a total of 240 images. The maximum value composite (MVC) method is used to process
the NDVI data across a year, which can diminish the adverse influence of cloud cover and
the errors from large solar zenith angles [18].

The temperature and precipitation raster data used in this paper are obtained from the
Loess Plateau SubCenter, National Earth System Science Data Center, and National Science
& Technology Infrastructure of China (http://loess.geodata.cn (accessed on 16 April 2022)).
This product has been validated with observations from 496 independent meteorological
stations, and the results have been verified to be credible. The spatial resolution of the
raster data is the same as the NDVI data.

2.3. Research Method

Based on the three types of datasets listed above, the flowchart of this study is shown
in Figure S1.

2.3.1. Pearson Correlation Analysis

Given that vegetation usually responds to water variation accumulated over a period
of time but not instantaneously, the response time investigated here can be defined as the
characteristic time scale at which the maximum SPEI/SPI-NDVI correlation is acquired.
The maximum correlation coefficient can clearly show the correlation between NDVI and
SPEI/SPI at different time scales. That is, the time scale of the SPEI/SPI corresponding
to the maximum correlation coefficient is the RTVD. The calculation steps are as follows:
(1) Each pixel was analyzed spatially to obtain the coefficient of correlation R between the
monthly NDVI and SPEI/SPI (i.e., 3, 6, 12, and 24 months). (2) Based on the Maximum
Value Composites (MVC), the maximum value of the correlation coefficient is taken on the
pixel.

Rij = corr
(

NDVIi, SPEI/SPIij
)

(1)

http://loess.geodata.cn
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Rmax = max
(

Rij
)

(2)

where Rij is the correlation coefficient between the NDVI of the ith month and the SPEI/SPI
of the jth time scale, and Rmax is the maximum correlation coefficient on a pixel.

2.3.2. Standardized Precipitation Evapotranspiration Index (SPEI)

The occurrence of drought events depends not only on the precipitation but also
on evaporation. Therefore, the SPEI index was proposed by Vicente-Serrano, with the
consideration of precipitation and temperature [19]. Different researchers have found that
SPEI has a better applicability in China for semi-arid and semi-humid regions [20]. SPEI is
calculated as follows:

(1) Calculation of Potential Evapotranspiration (PET). The Thornthwaite method is
easier to calculate than the Penman–Monteith method. Therefore, Potential Evapotranspi-
ration (PET) is estimated by using the Thornthwaite method [21]. It only considers the
effect of temperature. (2) Calculation of water surplus or deficit (D). This is the difference
between precipitation (P) and potential evaporation (PET). (3) Then, D is normalized with
a log-logistic probability distribution to obtain SPEI.

2.3.3. Standardized Precipitation Index (SPI)

SPI is one of the commonly used multiscale standardized meteorological drought
indices based on the probabilistic behaviors of meteorological variables. SPI considers the
deficit of precipitation only. It is determined by normalizing the long-term precipitation
record for the desired period after it is fitted to a probability density function [22]. The
gamma distribution is the preferred fitting function [23].

2.3.4. Trend Analysis

This paper uses one-dimensional linear regression analysis to describe trends in NDVI.
This method allows for a representation of the spatiotemporal changes in a region by
calculating the variation of each grid and reflecting the trend at a specific duration in each
grid [24]. In this paper, the MODSI-NDVI datasets from 2000 to 2019 are chosen, and each
grid has a corresponding value. The least squares method is applied to estimate the slope
of the trendline to dynamically analyze the changes in vegetation of each grid.

3. Results
3.1. Spatial and Temporal Evolution Characteristics of NDVI in the Weihe River Basin
3.1.1. Time Variation Characteristics of NDVI

The annual average value of the WRB is calculated using a 1 km × 1 km grid, and the
annual maximum sequence is calculated by the maximum value composite. The average
values of seasons and the growing season of the WRB are analyzed separately. This paper
defines March to May as spring, June to August as summer, September to November
as autumn, December to February of the next year as winter, and April to October as
growing season.

From 2000 to 2019, the annual average NDVI in the WRB shows an increasing trend
(Figure 2). The multi-year average is 0.42, fluctuating in the range of 0.35 to 0.50 and
increasing at a rate of 0.049 per decade. The multi-year average of annual maximum
NDVI is 0.68, which is 1.6 times the multi-year average and concentrates in the range
of 0.55 to 0.8. The trend is the same as the annual average, increasing at a rate of 0.087
per 10 years, which is 1.8 times the rate of increase in the annual average. As seen from
the trends of annual average and annual maximum of NDVI turning green, the overall
vegetation coverage in the WRB has been significantly improved.

From 2000 to 2019, there is a significant seasonal variation of NDVI in the WRB. The
highest NDVI is 0.59 in summer, followed by autumn (0.43), spring (0.39), and winter (0.25).
The trend is towards green in all four seasons, with the highest increase rate of 0.083 per
decade in summer and a minimum increase of 0.031 per decade in winter. From 2000 to
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2019, NDVI in spring and autumn increases at the rates of 0.047 per decade and 0.043 per
decade, respectively. NDVI in the basin tends to increase during the growing season, with
the multi-year mean (0.52) falling between autumn and summer. NDVI in the growing
season fluctuates in the range of 0.4 to 0.6. The monthly NDVI in the basin shows an
upward trend (Figure 3), with the highest value in August (0.61) and the lowest in February
(0.23). The rate of increase is the fastest in June, at a rate of 0.01 per year, and the smallest is
in January, at a rate of 0.002 per year.
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3.1.2. Spatial Evolution Characteristics of NDVI

The multi-year mean of NDVI in the WRB shows an obvious spatial heterogeneity
(Figure 4a), while the mean value for the basin is 0.415. High values are mainly concentrated
in woodlands with large trees, such as the Qinling, Ziwuling, and Liupan Mountains. NDVI
decreases from southeast to northwest, which is associated with the increasing elevation.
Figure 4b shows the spatial variation of NDVI in the WRB. The results indicate that 96.6%
of the regions present an increasing trend, of which 89.77% pass the significance test at
the significance level of α = 0.05 (Figure 4c). The areas with a large increase in NDVI are
mainly concentrated in the upper reaches of the WRB, especially in the upper reaches of the
tributaries. This is related to the large-scale vegetation construction in the WRB in recent
years. A 3.4% area of the WRB shows a decreasing trend, which is mainly concentrated
in the loess hilly and gully areas in the west and north as well as densely populated and
economically developed areas with high population and GDP.
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There are significant seasonal differences in NDVI in the WRB (Figure 5). NDVI is
significantly higher in summer than in other seasons. The most significant differences
are located in the eastern and southern parts of the basin. The NDVI in the eastern part
of the WRB decreases significantly in spring and winter, while it decreases in autumn
and summer in the rest of the region. The area with NDVI decreases in spring is the
largest of the four seasons, accounting for 11.11% of the total area; 3.22% of the area shows
a significant decreasing trend (significance level α = 0.05), mainly in the western and
southeastern regions. The area with NDVI increases in summer is the largest, accounting
for 94.98% of the total area of the basin, of which 87.07% is a significant growth area. In
winter, approximately 64.05% of the basin shows a significant increase. The decreasing area
accounts for 11.02% of the total area, second only to the spring. Approximately 96.56% of
the WRB shows an increasing trend during the growing season (Figure S2).
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Monthly NDVI in the WRB has a large spatial difference (Figure S3). The spatial
distribution of NDVI values varies less from January to March and from November to
December. The larger NDVI values from April to October correspond to the growing
season in the WRB [25]. Affected by the warming and precipitation increase in April
and the agricultural farming system, the NDVI value in the basin gradually increases.
Forestland and cultivated land turn green obviously. Among them, forestland is the fastest.
The mean value reaches its maximum in August and by the end of the growing season
in November. As temperature and precipitation decrease, NDVI begins to decline again
across the region. The NDVI has an obvious periodicity, which is related to the growing
season of vegetation. It also has a certain relationship with temperature and precipitation.

3.2. Variation Characteristics of SPEI/SPI at Different Time Scales in the WRB

The SPEI/SPI index at different time scales (i.e., 3, 6, 12, and 24 months) are calculated.
SPEI at 3 months (SPEI3) is sensitive to the short-term precipitation and temperature
changes, and its trend fluctuates significantly. SPEI at 6 months (SPEI6) fluctuates greatly
and is affected by the rainy season and non-rainy season. SPEI at 12 months (SPEI12) and
SPEI at 24 months (SPEI24) include the complete annual rainfall and runoff process, so
as to better reflect the soil internal water surplus and deficit, as well as runoff. Therefore,
SPEI12 and SPEI24 can more clearly reflect the overall drought changes since 2000.

Over the last 20 years, the overall trend of the SPEI index in the WRB increases
(Figure 6), with a trend towards weakening drought. Specifically, SPEI at all scales shows a
decreasing trend from 2000 to 2009. After 2009, SPEI at all scales shows a wetting trend,
and drought weakens. For the time scales of 12 and 24 months, droughts are exacerbated in
2003, 2006–2007, and 2009–2010. After 2009, drought weakens in 2016–2017 and intensifies
in 2017–2018. From 2000 to 2019, the overall trend of SPI in the WRB at different time scales
is upward, and the intensity of drought weakens (Table S1). From 2000 to 2009, the SPI3
shows an increasing trend. The rest of the scales show a decreasing trend, and the longer
the time scale, the greater the rate of SPI decline. From 2010 to 2019, the SPI values on all
scales except for the 12-month time scale show an increasing trend.
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3.3. RTVD in the WRB

The maximum correlation coefficient between SPEI/SPI and NDVI implies the impact
of drought on vegetation, and the maximum correlation coefficient can reflect the sensitivity
of vegetation to drought at different time scales [4]. The response time can be defined as
the characteristic time scale at which the maximum SPEI/SPI–NDVI correlation is acquired.
The greater the correlation between vegetation growth and short-term SPEI/SPI, the faster
the response of vegetation to drought. The greater the correlation with the long time scale
SPEI/SPI, the slower the response, that is, the stronger the resistance of the ecosystem to
drought [26].

The response time of NDVI to SPEI in the WRB has obvious spatial heterogeneity
in the annual scale (Figure 7). Figure 7a shows that NDVI is positively correlated with
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SPEI in most areas of the WRB. The high correlation coefficients are concentrated in the
northern and western parts of the basin, where the maximum correlation coefficients are
mostly above 0.5. Figure 7b shows that the response time of NDVI to SPEI is mainly
concentrated at 12 and 24 months, accounting for 86.54% of the basin (Table 1). The
response times of NDVI to SPEI in the Jinghe River basin and Beiluo River basin are mainly
concentrated at 12 months. The upper WRB and along the main stem are then concentrated
at 24 months. The main vegetation types of the Qinling, Ziwuling, and Liupan Mountains
are temperate meadows and grasses. Alpine meadows are also found at higher altitudes.
The northwestern part of the basin is dominated by temperate grasslands. The response
time of NDVI to SPEI over different land use types is different. Grassland in the northern
part of the WRB has the highest correlation with SPEI12. However, forestland in the
central part has the highest correlation with SPEI24, while cultivated land has the strongest
correlation with SPEI6. Overall, NDVI has a significant positive correlation with SPEI at
different time scales and is closely related to different land use types.

Table 1. The average of the maximum correlation coefficient between NDVI and SPEI/SPI and the
area proportion of RTVD.

SPEI3 SPEI6 SPEI12 SPEI24 SPI3 SPI6 SPI12 SPI24

Average correlation
coefficient 0.17 0.25 0.41 0.38 0.44 0.52 −0.36 −0.02

area proportion % 4.47 8.98 44.23 42.31 63.57 27.11 3.37 5.95

As shown in Figure S4, 82.55% of the WRB has a positive correlation between NDVI
and SPI, and the negative correlation is mainly distributed in the south. The response time of
NDVI to SPI is mainly 3 months, accounting for 63.57% of the basin area (Table 1), followed
by 6 months (27.11%), and a response time of 12 months has the smallest area (3.37%). On
the annual scale, the response time of NDVI to SPI is shorter, mainly 3 and 6 months. In
contrast, the response time of NDVI to SPEI is longer, mainly 12 and 24 months.
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Figure 8 shows the maximum correlation coefficient between NDVI and SPEI in four
seasons in the WRB. The area of positive correlation is greatest in summer (95.26%), fol-
lowed by spring (89.22%), autumn (84.29%), and winter (47.99%). The negative correlation
between NDVI and SPEI in winter is mainly distributed in the western part of the basin.
This is because the higher altitude makes the temperature lower, which leads to the closure
of pores on the surface of vegetation leaves and inhibits vegetation growth. As shown
in Table 2, the response time of NDVI to SPEI in spring is mainly 3 months (40.08%) in
most areas of the central WRB. In summer, the response time of NDVI to SPEI is mainly
concentrated at 6 months (43.45%), which is widely distributed in the western WRB. In
autumn, the response time of NDVI to SPEI is mainly 24 months (42.29%) in the northern
part of the WRB. In winter, the proportion of vegetation response to drought at different
scales is not greatly different, between 20.76 and 26.88 %. On the seasonal scale, the re-
sponse time of NDVI to SPEI gradually becomes longer, and vegetation is more sensitive to
long-term SPEI.
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Table 2. Area proportion of the response time of NDVI to SPEI/SPI.

Season SPEI3 SPEI6 SPEI12 SPEI24 SPI3 SPI6 SPI12 SPI24

Spring 40.08 6.38 26.11 27.42 64.97 24.89 3.57 6.57
Summer 15.37 43.45 24.39 16.78 28.95 58.04 6.43 6.57
Autumn 14.29 10.59 32.83 42.29 44.39 22.85 10.79 21.97
Winter 20.76 26.41 25.95 26.88 58.38 5.05 12.33 24.24

Growing season 32.63 19.97 24.71 22.69 59.91 33.41 3.32 3.36

Figure S5 shows the maximum correlation coefficients between NDVI and SPI for all
seasons in the WRB. Except for winter, the area of positive correlation is higher than the
area of negative correlation in all three seasons. The largest area of positive correlation is
found in summer (91.16%), followed by spring (88.26%), and the smallest area of positive
correlation is found in autumn (76.66%). The percentage of negatively correlated area in
winter is 66.86%. In spring, the response time of NDVI to SPI is mainly concentrated at
3 months (64.97%) and widely distributed in the northern part of the WRB. In summer, the
response time of NDVI to SPI is mainly concentrated at 6 months (58.04%), followed by
3 months (28.95%). In autumn, the response time of NDVI to SPI is mainly concentrated
at 3 months (44.39%), and the percentage of regions with a response time of 6 months
is 22.85%. In winter, the response time of NDVI to SPI is mainly 3 months with an area
share of 58.38%, followed by 24 months (24.24%), while the area share of response times of
6 and 12 months is relatively small.

In summary, the area where NDVI and SPEI are positively correlated is greater than
NDVI and SPI in all seasons in the WRB. The response time of vegetation to drought (SPI
and SPEI) is shorter in spring and summer and is mostly concentrated at 3 and 6 months.
The response time of NDVI to SPEI is longer in autumn and winter, while the response
time of NDVI to SPI is shorter.

The area of positive correlation between NDVI and SPEI in growing season is slightly
lower than that in summer (95.22%), and 4.78% of the negative correlation area is mainly
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concentrated in densely populated areas in the southeast of the basin (Figure S6). During
the growing season, the percentage of area with a positive correlation between NDVI and
SPI is 93.36% (Figure S7), which is higher than that in summer. The response time of NDVI
to SPI is mainly concentrated at 3 and 6 months, accounting for 59.91% and 33.41% of the
basin area, respectively. Response time of 6 months is widely distributed in the western
part of the WRB, while the eastern part is dominated by response times of 3 months. The
response time of vegetation to drought (SPI and SPEI) is dominated by 3 months, but the
area of NDVI to SPI with a response time of 3 months is larger than the area of NDVI
to SPEI.

The maximum correlation coefficients between NDVI and SPEI at different scales
show large spatial differences across months (Figure 9). The negative correlation is more
pronounced in January, February, and March than in other months. In February, the WRB,
except for the northern and eastern parts, shows a negative correlation, accounting for
about 75.52% of the total area of the basin. Most of the WRB shows a positive correlation
from April to December. The area of positive correlation is 94.17%, which is the highest
in June. Figure 9b shows the response time of NDVI to SPEI on a monthly scale. In most
areas of the western WRB, the response time of NDVI to SPEI starts to decrease at the
beginning of the growing season (April), and the decreasing trend of vegetation response
time continues until August. In most parts of the eastern WRB, the response time of NDVI
to SPEI increases from October to December. Except for July and August, the response time
of NDVI to SPEI is longer in other months and is mainly concentrated at 12 and 24 months.
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Overall, the area with a negative maximum correlation coefficient from January to
March is larger in the WRB (Figure S8). In January, NDVI is negatively correlated with
SPI, accounting for 97.52% of the basin. The remaining months are positively correlated
in more than 69.21% of the basin. The response time of NDVI to SPI in January, May,
June, September, and November is mainly concentrated at 3 months. The response time of
NDVI to SPI in April, July, August, and October is mainly concentrated at 6 months. The
response of NDVI to SPI is more rapid in the above months. The response time of NDVI to
SPI in February is mainly concentrated at 12 months and widely distributed in the central
region of the WRB. The response time of NDVI to SPI in March and December is mainly
concentrated at 24 months (36.93% and 49.43%).

3.4. RTVD over Different Land Use Types

The mean value of NDVI for each land use in the WRB (Figure S9) is the highest for
forestland (0.54), followed by artificial surface (0.39), cultivated land (0.38), and grassland
(0.33). The pattern of change in the mean value of NDVI for each land use during the four
seasons and the growing season is the same as the multi-year average. The NDVI values for
different types of land use are the highest in summer and the lowest in winter. The NDVI
value of forestland in summer is significantly higher than that of cultivated land, grassland,
and artificial surface, while the difference among these types in winter is the smallest.

The WRB is the main grain-yielding area in Northwestern China. Approximately 61%
of the basin is used for agricultural cultivation, leading to changes in NDVI in the WRB
influenced by agricultural systems [27]. Unlike natural vegetation, the variation in crop
growth is closely linked to agricultural farming systems, which has influences on the NDVI.
Guanzhong Plain, Jinghe River, and Beiluo River basin are important grain producing
areas in Northwestern China. In the production area, dry grain crops are mainly cultivated
for one harvest a year and three harvests every two years, along with commercial crops
such as cotton and fruit trees. During the growing season, humans take actions, such as
water irrigation and pesticide spraying, to ensure crop growth, which is the reason for
the stable increase in NDVI in the region. On the other hand, the WRB is located in the
Loess Plateau region of Northwest China. It has long faced ecological problems such as
soil erosion, water scarcity, and land desertification. Since 1999, the state has stepped up
ecological construction projects (e.g., closing hillsides to facilitate afforestation, phasing out
cultivation of sloping farmland, large-scale afforestation and grass planting, and a series
of comprehensive management of small watersheds) to improve soil erosion in the Loess
Plateau, which has played a vital role in vegetation restoration in the watershed [28–31].

Figure S10 shows that the response time area of cultivated land to SPEI at different
time scales in the WRB is the largest, while the artificial surface is the smallest. The response
time of NDVI to SPEI over grassland is mainly 12 months, while the response time of NDVI
to SPEI over other the three land use types is mainly 24 months. For the four land use types,
the response time of NDVI to SPI is mainly concentrated at 3 months. The area proportion
of NDVI response time to SPI is as follows: 3 months > 6 months > 24 months > 12 months
(Table S2).

The maximum correlation coefficients between NDVI and SPEI at different time
scales of the four land use types (cultivated land, forestland, grassland, and artificial
surface) in the study area are further counted (Table 3). From the maximum correlation
coefficient, the response of grassland NDVI to SPEI at different time scales (i.e., 6, 12, and
24 months) is higher than that of cultivated land, forestland, and artificial surface. The
maximum correlation coefficient between NDVI and SPEI of artificial surface is the smallest.
Cultivated land and grassland are more sensitive to SPEI12, while forestland and artificial
surface are more sensitive to long-term drought. The response of grassland NDVI to SPI
at different time scales (i.e., 3, 6, 12, and 24 months) is higher than that of cultivated land,
forestland, and artificial surface. The maximum correlation coefficient between NDVI and
SPI of the forestland is the smallest in the 3-month time scale.
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Table 3. The mean value of the annual maximum correlation coefficient between NDVI and SPEI/SPI
at different time scales.

SPEI3 SPEI6 SPEI12 SPEI24 SPI3 SPI6 SPI12 SPI24
Cultivated land 0.07 0.26 0.43 0.38 0.50 0.49 −0.34 −0.09

Forestland 0.27 0.32 0.18 0.38 0.33 0.58 −0.42 0.07
Grassland 0.21 0.35 0.52 0.47 0.52 0.60 −0.23 0.40

Artificial surface 0.02 −0.04 0.14 0.20 0.41 0.14 −0.36 −0.27

4. Discussion

Given that vegetation usually responds to water variation accumulated over a period
of time but not instantaneously, the response time can be defined as the characteristic time
scale at which the maximum SPEI/SPI–NDVI correlation is acquired [3]. The drought
time scale at which the highest correlation is recorded has been receiving much attention.
The greater the correlation between NDVI and short time scale SPEI/SPI, the faster the
response of vegetation to drought. Correspondingly, the greater the correlation of long-term
SPEI/SPI, the slower the response of vegetation to drought and the stronger the resistance
of the ecosystem to drought [32]. The response time can be regarded as a useful indicator
for assessing the vegetation’s resistance to drought and the resilience after the drought
episode has terminated, with its large value indicating a strong ability to withstand drought
with a slow recovery rate from drought and vice versa [3].

In the correlation analysis, annual-scale NDVI and SPEI/SPI are mostly positively
correlated, indicating that vegetation growth is susceptible to water changes. Negative
correlations are mainly concentrated in the plains of the southeastern part of the basin.
This region is densely populated and well supplied with water, and its vegetation cover is
heavily influenced by urbanization. Temperature and precipitation are no longer restrictive
factors on growth in autumn and winter; consequently, there is a negative correlation. On
the seasonal scale, the correlation between summer NDVI and SPEI/SPI is the strongest,
and the maximum correlation coefficient is positive in 95.26%/91.16% of the region. The
degree of drought weakens, and the vegetation grows. There is a high correlation between
NDVI and SPEI in summer, which is in line with previous studies by Fang et al. [33]. In
summer, the temperature rises [34], and the accumulated temperature required for most
plant growth is satisfied. Temperature is no longer the main factor limiting plant growth.
Moreover, the increase in temperature aggravates the potential evaporation and improves
the demand for vegetation water, which makes vegetation more sensitive to water [35].
Therefore, the response time of vegetation to drought (SPEI and SPI) in summer is short,
which is mainly concentrated at 6 months, and the response area of NDVI to SPI6 is larger
than that of NDVI to SPEI6.

From the maximum correlation coefficient, the response of grassland NDVI to SPEI/SPI
at different time scales (i.e., 6, 12, and 24 months) is higher than that of cultivated land,
forestland, and artificial surface. Grassland is more sensitive to SPI on short time scales.
Grassland belongs to shallow root plants, and its water storage capacity is weak during
rainfall. Therefore, grassland has a strong response to drought [36]. The WRB is dominated
by cultivated land and is subject to human interference. Cultivated land management
measures such as irrigation and fertilization provide better growth conditions for crops.
Therefore, the average value of the maximum correlation coefficient between cultivated
land NDVI and SPEI/SPI is smaller than that of grassland [37]. The roots of forests are
developed. When the forest is short of water, the roots will develop deeper into the soil, so
the drought tolerance is better and the response to 3-month time scale drought is not sensi-
tive [38]. The government should actively promote ecological protection measures such as
returning farmland to forest and afforestation to solve the drought problem. The response
time of NDVI to SPI over cultivated land, grassland, forestland, and artificial surface is
mainly concentrated at 3 months. The possible reason for this is that SPI only considers
precipitation, and evapotranspiration is also an important part of the eco-environmental
water cycle. The large potential evapotranspiration in the WRB is a factor that cannot
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be ignored in the water balance and vegetation change [39]. Therefore, it is difficult to
reflect the response of vegetation to water in different land use types only considering
precipitation. Grassland in the northern part of the WRB has the highest correlation with
SPEI12. However, forestland in the central part has the highest correlation with SPEI24,
while cultivated land has the strongest correlation with SPEI6. The results are in line with
previous studies by Yang et al. [40], who concluded that the response of different vegetation
types to the drought disaster is different. Compared with the forestland, the response of
grassland to drought is earlier. The forestland could be insensitive to short droughts. The
results are in line with previous studies by Li et al. and Wang et al. [38,41]. The SPEI/SPI of
different time scales show an overall upward trend, the degree of drought weakens, and the
increase in soil moisture is conducive to vegetation growth. In 20 years, NDVI decreased in
2018, which is consistent with the time of drought aggravation shown by SPEI24, indicating
that vegetation growth is affected by drought. The overall trend of NDVI in the WRB
is increasing and shows obvious seasonal characteristics, which is in line with previous
studies by Wei et al. [42]. A study by Liu et al. shows the overall vegetation coverage in
China has improved significantly [43].

The meteorological drought index (i.e., SPEI) used in this paper has become the
more commonly used drought index in China. The large-scale SPEI index provides a
reasonable representation of the wet and dry conditions in the WRB. Previous studies have
shown that the magnitude of evapotranspiration is not entirely determined by the level of
temperature [44]. The “evaporation paradox” occurs in the Loess Plateau region, where
evapotranspiration decreases due to increased temperature [45,46]. With global climate
anomalies, previous studies have also found that ENSO events have a greater impact
on precipitation and temperature [47]. In addition, factors such as underlying surface
conditions and wind speed can have an impact on SPEI. Therefore, further research is
needed on how to develop a drought index that is more suitable for the characteristics of
the basin and consistent with the drought causal mechanism.

5. Conclusions

In this study, we have analyzed the response time of vegetation to drought over the
WRB based on the meteorological drought index (i.e., SPEI and SPI) and the normalized
difference vegetation index (NDVI). We have studied the trends of NDVI, SPEI, and SPI.
We have explored the maximum correlation coefficient between NDVI and SPEI/SPI and
the RTVD. This study has determined the RTVD over different land use types.

The trend analysis results indicated that 89.77% of the area of the basin showed a
significant increasing trend in NDVI from 2000 to 2019. From 2000 to 2019, SPI and SPEI
at different time scales in the WRB showed an overall increasing trend, which indicated
that the drought was alleviated. The results of correlation analysis showed that NDVI and
SPEI/SPI at the annual scale had the highest correlation coefficients in the northern part
of the basin, with mostly positive correlations. At the annual scale, the response time of
NDVI to SPEI was mainly concentrated at 12 and 24 months, while the response time of
NDVI to SPI was mainly concentrated at 3 and 6 months. The response time of NDVI to
drought (SPI and SPEI) was shorter in spring and summer, with the main response time
of 3 and 6 months. The response time of NDVI to SPEI over different land use types was
inconsistent. However, the response time of NDVI to SPI over different land uses was
consistent and was mainly concentrated at 3 months. The response of grassland to SPI/SPEI
at different time scales (i.e., 6, 12, and 24 months) was higher than that of cultivated land,
forestland, and artificial surfaces.

The WRB is an important ecological barrier area and an important biodiversity con-
servation area in China. It has an important strategic position in maintaining ecological
balance and socio-economic development in the northwest region [12]. We have studied
the response time of vegetation to drought in the WRB. Understanding the relationship
between vegetation responses and drought characteristics has improved our knowledge of
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vegetation vulnerability to climate fluctuations [4] and promoted the projection precision
of ecosystem responses to climate change [10].

Supplementary Materials: The following supporting information can be downloaded at https:
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average spatial distribution of NDVI; (b) change trends; (c) significance tests; Figure S3: Spatial
distribution of NDVI by month in the WRB; Figure S4: The maximum correlation coefficient and
the response time of NDVI to SPI. (a) The maximum correlation coefficient between NDVI and SPI;
(b) spatial distribution of the response time; Figure S5: The maximum correlation coefficient and
the response time of NDVI to SPI. (a) The maximum correlation coefficient between NDVI and SPI
in four seasons; (b) spatial distribution of the response time; Figure S6: The maximum correlation
coefficient and the response time of NDVI to SPEI. (a)The maximum correlation coefficient between
NDVI and SPEI in growing season; (b) spatial distribution of the response time; Figure S7: The
maximum correlation coefficient and the response time of NDVI to SPI. (a) The maximum correlation
coefficient between NDVI and SPI in growing season; (b) spatial distribution of the response time;
Figure S8: The maximum correlation coefficient and the response time of NDVI to SPI. (a) The
maximum correlation coefficient between NDVI and SPI in month; (b) spatial distribution of the
response time; Figure S9: The multi-year average NDVI of different land use types in the WRB;
Figure S10: Proportion of the response time of NDVI to SPEI over different land use types in the
WRB; Table S1: Interannual variability of SPI at various scales in the WRB; Table S1: Proportion of the
response time of NDVI to SPI over different land use types in the WRB.
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