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Abstract: The Qinghai-Tibetan Plateau (QTP) is a global center of cold and dry, where the most
extensive fragile alpine vegetation exists. Quantitative analysis of drought event characteristics and
vegetation response to drought on the QTP is indispensable for understanding the increasing drought
events in a warming climate which exacerbate adverse influence on extremely alpine ecosystems.
Here, using the standardized precipitation evapotranspiration index (SPEI) and the normalized
difference vegetation index (NDVI) from 2000 to 2018, this study analyzed the characteristics of
drought events, their temporal impacts, and the stability of vegetation response to drought on the QTP.
Results showed that: the characteristics of drought events on the QTP have clear spatial heterogeneity.
When compared to the east monsoon region, most of the western regions have higher frequency
and lower intensity of drought events. Drought has significant temporal effects on vegetation in
grassland areas of the QTP during the growing season, which reach their peak in July and August.
The 0-1-month and 3-month time scales were the optimal lagged and accumulated time during the
growing season, respectively. The stability of vegetation response to drought showed significant
spatial heterogeneity and varied with eco-geographical regions and vegetation types. Generally,
forest areas showed high resistance (74.09) and resilience (2.26), followed by crop and grassland areas.
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1. Introduction

The frequency and intensity of drought have increased significantly as the global
climate has changed [1-3]. There are complex properties and extensive effects of drought,
so identifying and monitoring drought characteristics and their effects on terrestrial ecosys-
tems are crucial challenges [4]. Additionally, accelerated dryland expansion has multiple
consequences, including a decrease in carbon sequestration, enhancement of regional
warming and land degradation, and desertification [5]. Therefore, many have studied
drought events, their impacts on terrestrial ecosystems, and the responses and feedbacks of
terrestrial ecosystems to drought [6,7].

Vegetation responds to drought from multiple perspectives, such as time-lag and
cumulative effects [8]. The time-lag effects indicate that vegetation activity is significantly
affected by the drought condition of the previous months [9], while the cumulative effects
represent that the vegetation growth is affected by the cumulative drought condition over
the previous months as well as the current month [4]. Previous studies showed that the
time-lag effects of drought on vegetation growth were significant and different in varying
vegetation types and regions [10-12]. However, these studies of drought just focused on
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a single aspect, such as precipitation or temperature, and failed to fully capture the cor-
relation between vegetation activity and integrated drought [10,12,13]. The standardized
precipitation evapotranspiration index (SPEI) is an integrated drought index which can
quantify the accumulated change in water availability [14]. SPEI can be used as an eval-
uation index to analyze the effects of drought on vegetation [4,11,15] and the cumulative
effects of drought on vegetation can vary with vegetation types and growth stages [16-18].
However, a focus on both on the time-lag and cumulative effects of drought on vegetation
growth has only been occasionally considered [19].

The stability (including resistance and resilience) of vegetation to drought interfer-
ence is also widely considered in studies of global environmental changes [20-22]. Both
resistance and resilience consider concurrent and delayed effects on ecosystems [23]. Exper-
iments and modeling have analyzed these two stability indicators from species to biome
levels [24-28]. However, these field experiments are limited by local natural conditions,
human interference, and experimental cost. Moreover, conducting large-scale and long-
term series research is impossible using field experiments [20]. Simulation quantification
of tree ring data can solve some experimental defects [25,29,30], but non-tree vegetation
types cannot be easily studied. Thankfully, satellite observations can obtain information
across a wide range of space and time. Therefore, satellite observations, such as the fraction
of absorbed photosynthetically active radiation (FAPAR) [31], space-borne solar-induced
chlorophyll fluorescence (SIF) [26], and indicators of biomass and greenness of vegeta-
tion, such as the normalized difference vegetation index (NDVI) [20,32] and the enhanced
vegetation index (EVI) [33,34], are applied in assessing the stability of vegetation.

The Qinghai-Tibetan Plateau (QTP) has a typical alpine climate and complex terrain
and is a major sensitive area of global climate change [35,36]. Recent studies show that
rapid warming over the QTP has partly improved the productivity of vegetation by influ-
encing metabolism and prolonging the growth period [37-39]. Alpine grassland, the main
vegetation type covering about two-thirds of the plateau, is deeply affected by climate
change [40]. Specifically, the wetter grassland areas help vegetation grow [39,41-43], but
enhanced drought in the southern and western parts of the QTP has degraded the local veg-
etation [42,43]. Most present efforts have focused on the impact of drought on vegetation at
the basin or provincial scale for the same period on the QTP, ignoring the fact that drought
influences current and future vegetation dynamics [44]. By contrast, the time-lag and
cumulative effects of drought on vegetation and the stability of vegetation facing drought
interference, especially for different vegetation types on the QTP, are rarely considered.

Therefore, our objective here is to understand the characteristics of drought events and
how the various vegetation types responded to drought on the QTP. We used NDVI and
SPEI data from 2000 to 2018, and analyzed the drought events and evaluated the time-lag
and cumulative effects of drought on vegetation over the QTP during the growing season.
The stability, i.e., resistance and resilience, of vegetation in response to drought was then
quantified and compared.

2. Materials and Methods
2.1. Study Area

The QTP is located in southwestern China (67°40'37"-104°40'43"E, 25°59'26""-40°1'6'"N)
(Figure 1). It occupies about 1/4 of China’s land area with an average elevation of
4320 m [45]. The average annual temperature ranges from —3.1 to 4.4 °C, the average
annual precipitation ranges from 103 to 694 mm, and the QTP has an alpine climate [46,47].
The southeast is relatively warm and humid, while the northwest is cold and dry, with
significant spatial differentiation. These unique natural conditions lead to extremely vul-
nerable vegetation ecosystems. Sub-tropical evergreen broad-leaved forest, deciduous
broad-leaved forest, alpine shrub, alpine meadow, alpine steppe, alpine desert, and other
vegetation types are mainly distributed from southeast to northwest of the QTP. The follow-
ing are the eco-geographical regions of the QTP based on the actual variations of surface
natural properties: IB1 means Golog-Nagqu high—cold shrub-meadow zone; IC1 means
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Southern Qinghai high—cold meadow steppe zone; IC2 means Qiangtang high—cold steppe
zone; ID1 means Kunlun high—cold desert zone; IIAB1 means Western Sichuan—eastern
Xizang montane coniferous forest zone; IIC1 means Southern Xizang montane shrub—
steppe zone; IIC2 means Eastern Qinghai-Qilian montane steppe zone; IID1 means: Ngari
montane desert-steppe and desert zone; IID2 means Qaidam montane desert zone; IID3
means Northern slopes of Kunlun montane desert zone; OA1 means Southern slopes of
Himalaya montane evergreen broad-leaved forest zone.
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Figure 1. Spatial distribution of vegetation types (a) and meteorological stations (b) on the Qinghai-
Tibetan Plateau (QTP).

2.2. Data and Preprocessing

We used 6 versions of MOD13A2 (Collection 6) NDVI data products from 2000 to 2018,
and the datasets were collected from the National Aeronautics and Space Administration
(NASA) (https:/ /www.nasa.gov/, accessed on 28 November 2020). The spatial resolution
is 1 km, and its temporal resolution is 16-day intervals. Moreover, the NDVI dataset
was developed using the maximum value composition method (MVC) and minimized
geometrical, atmospheric, and cloud effects. Then, the Savitzky-Golay method was used to
smooth and reconstruct the NDVI data [48]. We defined the growing season as the period
from May to September which is used to analyze vegetation response to drought in the
growing season [35,37].

Meteorological data were collected from the National Meteorological Information
Center (NMIC) of the China Meteorological Administration (http://www.cma.gov.cn/,
accessed on 17 August 2021). We extended the study area 200 km outward (only for China)
and added data of meteorological stations in the 200 km buffer zone to improve the accuracy
of spatial interpolation. The potential evapotranspiration data were downloaded from the
National Earth System Science Data Center, National Science & Technology Infrastructure
of China (http://www.geodata.cn, accessed on 5 August 2022) [49].

Vector boundary data of the QTP were obtained from the Institute of Geographic
Sciences and Natural Resources Research, Chinese Academy of Sciences. The vector data
of QTP ecogeographical regionalization were derived from the Ecological Geographical
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Regions Map of China (http:/ /www.resdc.cn/, accessed on 28 November 2020), which is
primarily based on the actual variations of surface natural properties. Combinations of
temperature and humidity conditions and zonal vegetation and soil types can lead to a
better understand the basic natural conditions of the surface of the plateau [50]. The land
cover map of the QTP was extracted from the 1:1,000,000 digitalized vegetation map of
China (Editorial Board of Vegetation Map of China, 2001, https:/ /www.resdc.cn, accessed
on 28 November 2020).

2.3. Methods
2.3.1. Analysis of the Spatial Pattern of Drought Characteristics

SPEI normalizes the cumulative probability value of the difference between precipi-
tation and potential evapotranspiration (D;), the degree of deviation between D;, and its
average state reflects the drought characteristics in a certain area [14,51]. SPEI values with
the time scales of 1, 2, 3, and 12 months from 1972 to 2018 were calculated using the revised
model in 2014 to analyze the characteristics of drought events and vegetation response to
drought on the QTP from 2000 to 2018 [52], following:

D; = P, — PET; 1)

where D; is the difference between the precipitation P and PET for the month i (profit
and loss, mm), P; is the precipitation of the month i (mm), and PET; is potential evap-
otranspiration of the month i (mm). The potential evapotranspiration was calculated
using Penman-Monteith equations based on meteorological data such as precipitation,
temperature, and relative humidity. Then, the monthly aggregated D at multiple time
scales were normalized at length into three-parameter log-logistic probability distribu-
tions to obtain the SPEL. We used the SPEI package in R 4.1.3 to calculate SPEI (https:
//CRAN.R-project.org/package=SPEI, accessed on 17 August 2021). The SPEI data of
original meteorological stations were interpolated to a raster surface with 1 km spatial
resolution using ANUSPLIN software. Previous studies have shown that this method is
effective in interpolating meteorological data [53,54].

A drought event is considered to occur when the SPEI-12 of a given month and at
least two consecutive months thereafter is below a certain threshold [55]. The average
of the twelve SPEI-12 monthly values per year is taken as the annual SPEI-12. The tenth
percentile of annual SPEI-12 from 1972 to 2018 was used to obtain the drought threshold.
We quantified drought intensity using mean values of SPEI-12 during drought events [34].
For each pixel, we calculated the frequency of drought events and the average value of
drought duration and drought intensity to analyze the characteristics of drought events.
When the SPEI value is less than —0.5, it indicates the occurrence of drought, which can
be further classified as mild drought (—1 < SPEI < —0.5), moderate drought (—1.5 < SPEI
< —1), severe drought (—2 < SPEI < —1.5), and extreme drought (SPEI < —2) [56]. In
addition, precipitation divided by potential evapotranspiration was used to calculate the
aridity index (Al) in order to evaluate the dryness of the QTP [41]. Specifically, hyper-arid
(Al <0.05), arid (0.05 < Al < 0.2), semi-arid (0.2 < Al < 0.5), sub-humid (0.5 < Al < 0.75),
and humid (AI > 0.75) [41].

2.3.2. Temporal Effects of Vegetation Response to Drought

We calculated Pearson correlation coefficients (r) between NDVI and each time scale
SPEI to explore the temporal effects of vegetation in response to drought on the QTP. As the
temporal effects on the monthly scale are generally shorter than a quarter [9,57], the time
scale of time-lag and cumulative effects was set to 0-3 months and 1-3 months, respectively.
We calculated the correlation coefficients (rg, r1, 72, r3) of the NDVI and 1-month SPEI at
each lagged time (i) to evaluate the vegetation time-lag response to drought:

r; =corr(NDVI,SPEL;) 0<i<3 (2)
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Tmax—lag = max(r;) 0<i<3 3)

where 7; is the correlation coefficient between the monthly NDVI time series (2000-2018)
and 1-month SPEL i is the time-lag time from 0 to 3 (0 indicates no time-lag effects), 7,55 1ag
is the maximum value of ;. The lag month i with the optimum correlation is taken as the
optimum time-lag.

Pearson correlation coefficients between the monthly NDVI and multi-time scale SPEI
were considered as potential indicators for cumulative responses of vegetation to drought:

rj = corr(NDVI,SPEIj) 1<j<3 4)

Ymax—cum = max(rj) 1 S] <3 ®)

where 7; is the correlation coefficient between the month NDVI time series (2000-2018)
and multi-time scale (j) SPEI j is the accumulated time from 1 to 3, and 7;ax—cum is the

maximum value of r.

2.3.3. Evaluation of the Resistance and Resilience of Vegetation in Response to Drought

We used resistance and resilience to measure the stability of vegetation in response to
drought. They were calculated on the interannual scale [33]. Resistance is expressed as the
ability of an ecosystem to maintain its original levels of functioning during drought [31].
Resilience defines the capacity for ecosystem functioning to recover to the normal state after
droughts [20,31]. For each pixel, drought years were judged according to the SPEI threshold.
Since the drought years occurred more than once, we averaged the two stability indicators.
We found that there are a small number of extremely high values of the resistance and
resilience that affect the results. Thus, we removed the largest 5% of the two stability
indicators in the subsequent analysis [34]. The equations for resistance ({2) and resilience
(A) are [28]:

Y,
Q=—_—"_ (6)
[Ye = Ya|
| = -
Ye+1 =Yy

where Y),, Y, and Y, 1 represent the expected NDVI during normal years (mean across all
the non-extreme years), during the year climate extremes occurred and during the year
after a climate extreme, respectively.

3. Results
3.1. Spatial Patterns of Drought Event Characteristics

The drought event characteristics of the QTP from 2000 to 2018 are shown in Figure 2.
The drought frequency in most areas of the QTP ranged from 3 to 9, accounting for 75.04%
of the total area (Figure 2a). Regions with drought frequency <3 accounted for 22.6%
of QTP, mainly distributed in the north—center of cold and arid regions. Areas with
drought frequency >9 accounted for 2.36%, mainly distributed in the southwest of the QTP,
especially in the Qiangtang Plateau and Ngari region. The mean drought duration was
3 to 7 months, accounting for 89.91% of the total QTP (Figure 2b). Regions with drought
duration >7 months were mainly distributed in humid and semi-humid zones (part of
IIAB1) and arid zones (IID2). Figure 2c shows that the mean drought intensity was —1.5 to
—0.6 on the QTP, mild drought and moderate drought, with moderate drought accounting
for 72.8% of the total plateau. Overall, the drought characteristics show significant spatial
heterogeneity on the QTP. Compared with the eastern monsoon region, most of the western
regions have higher frequency and lower intensity of drought events.
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Figure 2. Spatial pattern of drought on the QTP from 2000 to 2018. (a) The number of droughts,
(b) drought duration (month), and (c) drought intensity.

3.2. Spatial Patterns of the Time-Lag Effects of Drought on Vegetation during the Growing Season

Figure 3 shows the maximum correlation (rmax—1ag) of 1-month SPEI with NDVIin
the growing season. From May to September, the area with significant time-lag response
showed an increasing trend. The significant response regions accounted for the largest
proportion (33.1%) in July. The grassland area in the south of IC2, IIC1, IIC2, IC1, and the
east of IB1 were dominated by significantly positive correlations.

In the view of lagged months, the 0-month lag had the largest area (43.7% and 33.39%)
during May and July, including alpine grassland of IC2, IIC1, IC1, IB1, and IIC2 (Figure 4).
The rmax—1ag at time-lags of one-month occupied most of the area (34.17%, 35.24%, and
43.7%) during other months (June, August, and September). These areas were mainly
located in alpine grasslands (IC2, IC1, and IB1) and temperate mountain steppes (IIC1
and IIC2).
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Figures 3f and 4f show the difference in drought time-lag response of different vegeta-
tion types in the growing season, indicating that drought had increased time-lag effects
on the steppe and meadow within shorter time scales when compared to other vegetation
types. However, the time-lag response of forests was not clear and the corresponding
lagged months were longer. In general, vegetation on the QTP has a time-lag response to
drought, and the time-lag response effect was more obvious in steppe and meadow areas.

3.3. Spatial Patterns of the Cumulative Effects of Drought on Vegetation during the Growing
Season

There is a significant positive correlation between NDVI and the multi-time scale
SPEI from June to September for more than 25% of the total plateau, indicating sensitivity
of vegetation to the drought (Figure 5). The spatial distribution of significant time-lag
effect and cumulative effect showed high correspondence. However, the overall correlation
coefficient of cumulative effects was lower than time-lag effects.
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Figure 5. Spatial pattern of the largest correlation coefficient rmax—cum between SPEI and NDVI and
significance (p < 0.05) from 2000—2018. (a) May; (b) June; (c) July; (d) August; (e) September. The
largest correlation coefficient rmax—cum between SPEI and NDVI of different vegetation types on the
QTP (f).

At different stages of the growing season, the cumulative effects showed significant
spatial differences between different time scales (Figure 6). In May, 48.5% of the QTP
presented one-month cumulative effect to drought. However, the rmax—cum at a cumulative
effect of three months gradually dominated from June to September. The response areas
were distributed in the sub-polar and temperate semi-arid grassland of the QTP (IC2, IC1,
IIC1, IIC2, and IIAB1), and the distribution of these areas expanded gradually.
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Figure 6. Spatial distribution of the corresponding accumulated months when the largest corre-
lation coefficient rmax—cum occurred. (a) May; (b) June; (c) July; (d) August; (e) September. The
corresponding accumulated months (i) of different vegetation types when rmax—cum occurred (f).

Figures 5f and 6f show that the cumulative response of forests to drought was relatively
poor. By contrast, drought increased cumulative effects on the steppe and meadow within
longer time scales when compared to other vegetation types in the growing season. On
the whole, the spatial distribution of cumulative effects of vegetation on drought exhibited
more significant differences when compared with the time-lag effect. Grassland was more
sensitive than other vegetation types to the cumulative response of drought during the
growing season.

3.4. Spatial Pattern of Resistance and Resilience to Drought

Figure 7 exhibits the regional differences of resistance and resilience to drought on
the QTP over the past 20 years. Most values of resistance on the QTP were less than 75,
accounting for 82.33% (Figure 7a). In addition, the distribution of areas with relatively high
resistance (>75) was concentrated in major steppe and forest eco-geographical regions that
are located in the junction of IC2, IC1, and IID3, the north of IC2, and most of OA1 and
ITABL1. Figure 7b shows the resilience values of the south of IC2, IID1, IIC1, west of IB1, east
of IC1, IID2, southwest of IIAB1, and east of OA1 were mainly between 1 and 3 (42.51%).
Areas (39.23%) with resilience less than 1 were mainly concentrated in grassland areas in
the northern and eastern parts of the QTP. Relatively high resilience was seen only in forest
areas (OA1 and parts of southern IIAB1). Figure 7 shows the resistance and resilience of
main vegetation types on the QTP. The forest has the highest resistance, followed by crop
and steppe, while the meadow has the lowest resistance. For the resilience, the descending
order is crop, forest, meadow, and steppe.
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Figure 7. Spatial pattern of resistance (a) and resilience (b) of vegetation to drought and the differences
in resistance and resilience between vegetation types on the QTP from 2000 to 2018.

4. Discussion
4.1. Divergent Temporal Response of Vegetation to Drought

The complexity and intrinsic multi-scalar characteristic of drought makes it difficult
to understand the response of vegetation [4]. Fang et al. [58] pointed out that the highest
vegetation vulnerability to drought stress is in the summer months. Here, we have consid-
ered the temporal effects of drought on vegetation growth season. Previous studies have
proved that vegetation growth is more affected by early drought and does not respond
significantly to changes in the present water condition [11,59]. Our study found that the
forest response to drought is weak (Figures 3f and 5f). The reason may be that most of the
woody vegetation areas of the QTP are located in the humid area and sub-humid area and
local climate changes are relatively mild [60,61]. Woody vegetation can absorb more avail-
able soil water deeper by thick and deep roots [62], and the xylem water [63], rich storage
of carbohydrates [8], and the strategies for coping with drought events [64] make woody
vegetation more insensitive to drought than other vegetation types. However, most of the
steppe on the QTP is located in arid and semi-arid areas [60] and plant roots are relatively
shallow. Consequently, the temporal effects of the vegetation response are more sensitive.
We also found that the drought sensitivity of the steppe in July and August was higher
because of the “water sensitive period” of vegetation for water demand during this period,
leading to vegetation sensitivity to water changes [65]. There was a consistency between the
temporal effects of the meadow and steppe response to drought in the growing season. Our
study provides further evidence that the temporal effects of vegetation response to drought
are influenced by the environmental conditions at that time and vegetation species [9,11].
However, droughts monitored by SPEI on a monthly time step are not precise enough in
detecting the onset, end, and cumulative stress of drought [66]. In addition, SPEI considers
only the cumulative amounts of deficit/surplus water availability within a certain period of
time, but does not consider the internal distribution of those variables [67], which undoubt-
edly has an important impact on vegetation growth. Therefore, the uncertainty caused by
the limitations of SPEI needs further study.

4.2. Differences in Resilience and Resistance of Vegetation Types

The resistance and resilience of different vegetation types are clearly different due to
their physiological structure, internal physiological mechanism, and strategies for coping
with extreme climate events [4,68]. Additionally, differences in environmental conditions
and species diversity lead to regional differences in the stability of the same vegetation
type [29,34]. We found significant differences in resistance and resilience under different dry
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and wet conditions (Figure 7), which confirmed the above statements. Figure 8 illustrates
that the resistance of the areas with Al lower than 0.75 (arid, semi-arid, semi-humid regions)
continued to rise, while the resistance of the areas with Al higher than 0.75 (humid region)
showed a negative correlation with Al on some intervals. Vicente-Serrano et al. [4] obtained
similar results that sub-arid and sub-humid communities can withstand water deficits. The
relatively high resistance of semi-arid and sub-humid regions also makes the difference in
coverage after vegetation drought restoration smaller, so the resilience was relatively low.
The resilience of areas with Al higher than 1 was positively correlated with Al It may be
that the higher biodiversity of the humid region enables vegetation to recover and even
exceed original productivity as soon as possible after experiencing severe drought [62,69].
In addition, the intervention of the human activity makes the resistance and resilience of
the crop higher than natural conditions. This is because crops planted on farms are typically
chosen to be more flexible and the breeding of the species, timely meteorological monitoring,
and artificial water supplement (irrigation) also greatly increased the adaptation of plants
to climate change.
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Figure 8. Variation of vegetation stability under different wet and dry conditions on the QTP.

4.3. Implication for the Ecological Protection of the QTP

The southeast of the QTP is influenced by the East Asian and South Asian monsoons
with a lot of water vapor [70], where the water condition is superior and the annual precip-
itation is higher than the potential evapotranspiration [47,71]. However, the northwestern
region is dominated by westerly and northerly winds with dry air and less precipita-
tion [70]. This pattern of climate results in an increase in aridity from the southeast to the
northwest [60]. The arid/semi-arid areas are characterized by limited vegetation growth
due to water shortages [72,73] where precipitation is low and rising surface air temperature
has accelerated evaporation [73,74]. Our study also shows that drought in arid and semi-
arid areas of the QTP is characterized by high frequency and a close relationship between
drought and vegetation in the growing season (Figures 2, 3 and 5). The water conditions in
the southeastern QTP are wetter, and the annual precipitation is higher than the potential
evapotranspiration [47,71]. However, the unusual activity of the monsoon also makes local
climatic conditions relatively unstable, causing long periods of intense drought events.
Other studies have also pointed out that drought has become more frequent and intense in
the southwest, northwest, and parts of the southeast of the QTP at present or may do so
in the future [75]. Therefore, these regions are the key areas to focus on the influence of
drought on vegetation in the future.
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We also found that the degree of response and the resistance of grassland to drought
are high and strong. However, once affected by drought, the resilience of grassland can
weaken later. We also found that the resilience of the grassland distributed in the arid
and semi-arid areas of the QTP was weaker than that of the grassland in other areas, even
though they were the same vegetation type, which may also be significantly related to the
differences in local hydrothermal conditions. At present, China has carried out a large
number of ecological protection projects in the grassland areas of the QTP [53,76]. Based
on our results, we suggest that these projects should pay more attention to the grassland in
the arid and semi-arid areas of the QTP. For example, in the same productive grassland, the
grazing capacity of grassland in arid and semi-arid regions should be lower than in other
regions. In addition, more protected areas could be established on grasslands for long-term
management of this ecosystem type. In addition, according to different vegetation types
during different stages of the growing season, drought should be monitored at appropriate
time scales, and corresponding drought management measures can then be carried out in a
timely manner.

5. Conclusions

It is necessary to assess the impacts of drought on the vegetation, especially on the
QTP, which is extremely sensitive to climate change. Here, we found that the characteristics
of drought events show significant spatial heterogeneity on the QTP. Compared with
the eastern monsoon region, most of the western regions have higher frequency and
lower intensity of drought events. A significant temporal effect of vegetation response to
drought existed in grassland areas of the QTP. The maximum correlation coefficient and
its corresponding time scale had clear spatial and temporal differences aligned with the
growing season. The difference in environmental conditions and drought resistance of
vegetation means that forest was relatively insensitive to drought. However, herbaceous
plants (steppe and meadow) were more sensitive to drought, especially in July and August.
There were significant differences in drought resistance and resilience among different
vegetation types. Forest showed high resistance and resilience, following by crop and
grassland. However, due to the limitations of SPEI, it is uncertain when analyzing the
characteristics of vegetation response to drought.
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