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Abstract
In the context of global warming, the increased frequency and intensity of
drought events have led to significant changes in vegetation diversity in ter-
restrial ecosystems. Studying the response of vegetation phenology to seasonal
drought is of great importance for the conservation of ecosystems on the Loess
Plateau. Based on MODIS remote sensing Normalized Difference Vegetation
Index (MODIS NDVI: MOD13Q1) data and monthly gridded precipitation and
temperature data, ridge regression analysis was employed to investigate the
sensitivity response of vegetation phenology to seasonal drought on the Loess
Plateau. The results indicate that: (1) The previous summer drought index
(Standardized Precipitation Evapotranspiration Index, SPEI) and previous au-
tumn SPEI delay the Start of Season (SOS), while early winter SPEI and cur-
rent spring SPEI advance vegetation SOS. Early winter SPEI is more likely to
delay the End of Season (EOS) compared to current spring SPEI and current
autumn SPEI, whereas current summer SPEI advances vegetation EOS. (2) Veg-
etation phenology on the Loess Plateau exhibits significant spatial heterogeneity
in response to seasonal SPEI. When drought intensity weakens in early winter
within Qinghai Province, it advances vegetation SOS; intensified drought in cur-
rent summer causes most vegetation on the Loess Plateau to end growth earlier.
(3) Different vegetation types on the Loess Plateau show distinct phenological
responses to seasonal SPEI. Shrub SOS is more susceptible to drought than
forest SOS and grassland SOS, while grassland SOS is most vulnerable to early
winter drought. This study can provide a scientific basis for vegetation on the
Loess Plateau to cope with seasonal drought.
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Abstract: Under the background of global warming, the increasing frequency
and intensity of drought events are causing significant changes in vegetation
diversity within terrestrial ecosystems. Vegetation phenology profoundly in-
fluences vegetation productivity, carbon storage, and carbon cycling in terres-
trial ecosystems. However, due to the inherent complexity and uncertainty of
drought, as well as differences in resistance and resilience among vegetation
types, few studies have examined the effects of seasonal drought on different
vegetation phenologies.

Based on MODIS NDVI data, land use/cover data, and monthly gridded precip-
itation and temperature data, this study calculated the start of season (SOS),
end of season (EOS), and standardized precipitation evapotranspiration index
(SPEI) for vegetation on the Loess Plateau from 2001 to 2018. Using ridge
regression analysis, we investigated the sensitivity response of vegetation phe-
nology to seasonal drought. The results show that: (1) Drought intensification
in the previous summer and autumn delayed vegetation SOS, whereas weakened
drought in the winter at the beginning of the year and spring of the current year
advanced SOS. Winter SPEI was more likely to delay EOS compared to spring
and autumn SPEI of the same year, while summer drought intensification caused
vegetation to end growth earlier. (2) Both SOS and EOS exhibited obvious spa-
tial heterogeneity in their response to seasonal SPEI. When winter drought
weakened at the beginning of the year in Qinghai Province, vegetation SOS
advanced. Summer drought intensification led to premature ending of growth
for most vegetation on the Loess Plateau. The response of most vegetation to
drought during the growth cessation period was weaker than in other seasons.
(3) Seasonal SPEI delayed shrub SOS but advanced grassland SOS, with shrubs
being more susceptible to drought than forests and grassland. Winter drought
at the beginning of the year had the greatest impact on grassland SOS com-
pared to other seasons. Meanwhile, forests, shrubs, and grassland all ended
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growth earlier as summer drought intensified. This study reveals the response
patterns of vegetation phenology to seasonal drought on the Loess Plateau and
provides a scientific basis for vegetation responses to water stress and ecological
environmental protection.

Keywords: vegetation phenology; seasonal drought; sensitivity response; Loess
Plateau

1.1 Study Area Overview

The Loess Plateau is located in northwestern China, spanning 100°52�~114°33�E
and 33°41�~41°16�N, with elevations ranging from 83 to 5010 m. The climate
is constrained by both latitude/longitude and topography, transitioning from
a humid monsoon climate in the southeast to an inland arid climate in the
northwest. The annual mean temperature ranges from 3.6 to 14.3°C, and annual
precipitation increases from northwest to southeast, varying between 300 and
800 mm. Annual total solar radiation reaches 5.0$×10^{6}$ to 6.3$×10^{6}$
kJ・m−2, while potential evapotranspiration far exceeds precipitation, ranging
from 865 to 1274 mm. Summer experiences the highest frequency of moderate,
severe, and extreme drought events, though annual-scale drought across the
Loess Plateau is predominantly mild, mainly distributed across most areas of
Shaanxi and Shanxi provinces. Influenced by climate, vegetation distribution
exhibits a southeast-northwest horizontal zonation.

1.2 Data Sources and Processing

This study used the Normalized Difference Vegetation Index (NDVI) to extract
vegetation phenology parameters. NDVI data were obtained from NASA’s
MODIS land cover dynamics product (MOD13Q1) at 250 m spatial resolution.
Following previous studies, NDVImean = 0.05 was used as the threshold to ex-
clude non-vegetation pixels. The time series was reconstructed using maximum
value compositing to remove noise, with a window size set for rational function
fitting. The dynamic threshold method proposed by Jönsson and Eklundh was
applied, with dynamic thresholds set at 20.0% and 80.0% based on validation
against field phenology data from Shapotou, Haibei, and Ordos stations, as well
as published literature. Specifically, the time point when the rising NDVI curve
reached 20.0% of the distance between minimum and maximum values was de-
fined as SOS, while the time point when the descending curve reached 80.0%
of this distance was defined as EOS. It should be noted that the Timesat 3.2
software extracts phenology from n years of data to produce n-1 years of pheno-
logical parameters. Therefore, the final dataset comprised phenology data for
2001–2018, which has been validated in previous literature and demonstrated
to be reliable.

Monthly gridded precipitation and temperature data were obtained from the
China Meteorological Data Service Center (http://data.cma.cn) at 0.5° hori-
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zontal resolution. The Standardized Precipitation Evapotranspiration Index
(SPEI) was calculated from these data to assess drought severity and dura-
tion, offering advantages over other drought indices. After computing seasonal
SPEI for each grid point in R, the data were interpolated to 250 m resolution
raster datasets using ANUSPLIN software. The 1–12 month scale SPEI reflects
seasonal drought characteristics: winter (December–February), spring (March–
May), summer (June–August), and autumn (September–November). Since veg-
etation SOS occurs in spring, we used SPEI from the previous summer, previous
autumn, early winter, and current spring in our calculations. EOS occurs in au-
tumn, so we used SPEI from early winter, current spring, current summer, and
current autumn.

Land use/cover data were derived from the MCD12Q1 product at 500 m res-
olution. Considering the environmental management achievements since the
implementation of the Grain for Green Project, we extracted only areas where
land use/cover types remained unchanged during 2001–2018, merging them into
forest, shrub, grassland, cropland, and other categories. This study focused on
forest, shrub, and grassland.

1.3 Research Methods

Ridge regression analysis was employed to explore phenology sensitivity to sea-
sonal SPEI. The multivariate linear regression model is expressed as:

𝑌 = 𝑋𝛽 + 𝜀

where 𝑌 is the n-dimensional observation vector of the dependent variable; 𝑋
is the n×p observation matrix of independent variables; 𝛽 is the p-dimensional
parameter vector; and 𝜀 is the n-dimensional random error vector. The ordinary
least squares estimator is ̂𝛽 = (𝑋𝑇 𝑋)−1𝑋𝑇 𝑌 . While theoretically sound, least
squares estimation can yield unstable parameter estimates and unreasonable
results due to multicollinearity. Therefore, this study used ridge regression to
eliminate multicollinearity effects. The ridge regression estimator is:

̂𝛽𝑅𝑅 = (𝑋𝑇 𝑋 + 𝑘𝐼)−1𝑋𝑇 𝑌

where ̂𝛽𝑅𝑅 represents the sensitivity coefficient of independent variables to the
dependent variable; 𝑘 is the ridge parameter; and 𝐼 is the identity matrix. In this
study, phenology was the dependent variable and seasonal SPEI the independent
variable. All variables were linearly detrended in R, and the resulting regression
coefficients represent sensitivity coefficients of each independent variable.
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2.1 Spatiotemporal Characteristics of Vegetation Phenology on the
Loess Plateau

The spatial distribution of vegetation SOS on the Loess Plateau is shown in
Figure 2. SOS primarily occurs between days 90–150, gradually delaying from
southeast to northwest. The interannual trend shows that SOS advanced signif-
icantly during 2001–2018 at an average rate of 0.38 days per year. The earliest
SOS occurred in the southern parts of Ningxia and Qinghai (around day 114),
while the latest occurred in the northern Shaanxi–Shanxi region (around day
132).

The spatial distribution of vegetation EOS is shown in Figure 2. EOS primarily
occurs between days 260–310. Overall, vegetation in the Ningxia Plateau and
Qinghai region ended growth earlier, while southern areas ended later. The
interannual trend indicates that EOS was delayed significantly during 2001–
2018 at an average rate of 2.83 days per year.

The interannual variation slopes (Figure 3) show that the delayed trend of EOS
was more pronounced than the advanced trend of SOS, with the EOS slope
greater than the SOS slope, indicating a clear advancement trend for SOS.

2.2 Sensitivity of Vegetation Phenology to Seasonal SPEI on the Loess
Plateau

The sensitivity of vegetation phenology to different seasonal SPEI values is
shown in Figure 4. For SOS, positive sensitivity pixels (where drought de-
lays phenology) accounted for 61.0% for previous summer SPEI and 61.2% for
previous autumn SPEI, indicating that most vegetation experienced delayed
growth. In contrast, negative sensitivity pixels dominated for early winter and
spring SPEI, reflecting advanced growth when drought weakened. Winter SPEI
showed the largest proportion of significantly positive sensitivity pixels (70.1%,
P < 0.05), particularly in Qinghai, where weakened winter drought advanced
vegetation budding, likely because appropriate temperatures promoted vegeta-
tion development.

For EOS, positive and negative sensitivity differences were evident. The propor-
tion of pixels with significant positive sensitivity to winter SPEI was 73.4% (P
< 0.05), indicating that weakened winter drought delayed vegetation EOS. The
sensitivity coefficients for summer and autumn SPEI were smaller, suggesting
weaker responses during growth cessation. Negative sensitivity was observed
in parts of Gansu, Ningxia, and Shaanxi, while positive sensitivity appeared in
southeastern areas, indicating that excessive summer drought caused premature
growth ending.

2.3 Spatial Patterns of Phenology Sensitivity to Seasonal SPEI

The spatial distribution of sensitivity coefficients reveals pronounced spatial het-
erogeneity (Figure 5). Significant positive sensitivity of SOS to winter SPEI was
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widespread across the study area (P < 0.05), with high coefficients concentrated
in the northeastern Loess Plateau. In contrast, sensitivity to previous summer
and autumn SPEI was relatively small. For EOS, significant negative sensitivity
to summer SPEI was scattered throughout the region, while positive sensitivity
appeared in southeastern areas.

2.4 Sensitivity of Different Vegetation Types to Seasonal SPEI

Comparative analysis of different vegetation phenology responses (Figure 6)
shows varying sensitivity degrees: shrub > forest > grassland. Shrub SOS
was delayed by seasonal SPEI, while grassland SOS was advanced. Both winter
and spring SPEI delayed shrub SOS, with winter SPEI having a greater effect,
indicating shrubs are more drought-sensitive than forests and grassland. All veg-
etation types showed negative sensitivity coefficients for summer SPEI, meaning
drought intensification caused earlier EOS. The impact of autumn SPEI on EOS
was greatest for shrubs, followed by grassland and forest.

3 Discussion

Drought significantly impacts vegetation activity in arid and semi-arid regions.
This study found that winter and spring SPEI sensitivity coefficients were sub-
stantial. Since smaller SPEI values indicate more severe drought, weakened
winter and spring drought advanced vegetation SOS. This likely occurs because
spring warming combined with reduced drought stress promotes vegetation bud-
ding after the cold, dry winter. Summer drought intensification caused earlier
EOS, possibly because hot, stormy summer weather increases potential evapo-
transpiration in the Loess Plateau, where precipitation is scarce. Accumulated
drought stress reduces soil water availability for carbon synthesis, weakening
photosynthesis, closing stomata, and causing premature leaf senescence.

The spatial heterogeneity of phenology responses to seasonal drought suggests
drought increases regional phenological variability. Previous studies identified
temperature and precipitation as primary drivers of vegetation growth and phe-
nology. This analysis demonstrates that drought severity is also a crucial fac-
tor. The cumulative and lag effects of drought on vegetation occur within 0–3
months and 1–3 months, respectively, confirming that both pre-phenology and
concurrent drought affect phenology. Different vegetation types exhibit vary-
ing physiological characteristics and functional strategies, leading to different
sensitivities. Shrub water use efficiency is more climate-sensitive than that of
forests and grassland, corroborating our finding that shrubs are most vulnerable
to seasonal drought.

4 Conclusions

(1) Drought intensification in the previous summer and autumn delayed veg-
etation SOS, whereas weakened drought in winter and spring advanced
SOS. Winter SPEI was more likely to delay EOS than spring and autumn
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SPEI. Summer drought intensification caused vegetation to end growth
earlier.

(2) Vegetation SOS and EOS showed obvious spatial heterogeneity in response
to seasonal SPEI. In Qinghai, weakened winter drought advanced SOS.
Summer drought intensification led to premature ending of growth for
most vegetation on the Loess Plateau. The response of most vegetation
to drought during the growth cessation period was weaker than in other
seasons.

(3) Seasonal SPEI delayed shrub SOS but advanced grassland SOS, with
shrubs being more susceptible to drought than forests and grassland. Win-
ter drought had the greatest impact on grassland SOS compared to other
seasons. Forests, shrubs, and grassland all ended growth earlier as summer
drought intensified.

This study reveals the response patterns of vegetation phenology to seasonal
drought on the Loess Plateau and provides a scientific basis for vegetation re-
sponses to water stress and ecological environmental protection.
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