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Abstract: The increasing frequency of extreme climate events may significantly alter the species
composition, structure, and functionality of ecosystems, thereby diminishing their stability and
resilience. This study draws on temperature and precipitation data from 53 meteorological stations
across Mongolia, covering the period from 1983 to 2016, along with MODIS normalized difference
vegetation index (NDVI) data from 2001 to 2016. The climate anomaly method and the curvature
method of cumulative NDVI logistic curves were employed to identify years of extreme climate events
and to extract the start of the growing season (SOS) in Mongolia. Furthermore, the study assessed
the impact of extreme climate events on the SOS across different vegetation types and evaluated
the sensitivity of the SOS to extreme climate indices. The study results show that, compared to the
multi-year average green-up period from 2001 to 2016, extreme climate events significantly impact
the SOS. Extreme dryness advanced the SOS by 6.9 days, extreme wetness by 2.5 days, and extreme
warmth by 13.2 days, while extreme cold delayed the SOS by 1.2 days. During extreme drought
events, the sensitivity of SOS to TN90p (warm nights) was the highest; in extremely wet years,
the sensitivity of SOS to TX10p (cool days) was the strongest; in extreme warm events, SOS was
most sensitive to TX90p (warm days); and during extreme cold events, SOS was most sensitive to
TNx (maximum night temperature). Overall, the SOS was most sensitive to extreme temperature
indices during extreme climate events, with a predominantly negative sensitivity. The response and
sensitivity of SOS to extreme climate events varied across different vegetation types. This is crucial
for understanding the dynamic changes of ecosystems and assessing potential ecological risks.

Keywords: spring phenology; climate anomaly; extreme climate events; extreme climate indices;
diverse vegetation types; sensitivity

1. Introduction

Under the backdrop of global warming, the likelihood of climate anomalies and ex-
treme climate events is increasing [1]. Extreme climate events and trends have received
more attention due to their greater sensitivity to climate change compared to average
climate changes [2-5]. Climate anomalies refer to significant deviations from the average
climate value for a specific period, and extreme climate events are defined as instances
where climate variables exceed (or fall below) certain thresholds, approaching the upper (or
lower) limits of the observed range for that variable [6].Although they are low-probability
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events, extreme climate changes have a greater impact on ecosystem functions and produc-
tivity than average climate changes [3,7,8]. The 27 extreme climate indicators that have been
recommended by the Expert Team on Climate Change Detection and Indices are frequently
utilized in studies related to extreme climate change [9,10]. Many scholars have conducted
extensive research on extreme climate changes [11-15]. Liu et al. (2019) studied extreme
cold and drought in the Mongolian Plateau from 1969 to 2017 and found that despite the
climate warming in the past 49 years, the frequency of cool days (TX10p) and cool nights
(TN10p) in the Mongolian region has increased [12]. Kalita et al. (2023) conducted an
analysis of significant changes in 21 extreme climate indices in Cherrapunji over the period
from 1979 to 2020. Their study shows that indices related to daily maximum temperatures
have significantly increased, while indices related to daily minimum temperatures have
remained largely unchanged [16]. Therefore, understanding the characteristics and trends
of extreme climate changes can help us better address the challenges and impacts brought
by climate change.

Vegetation phenology is the study of how plants go through stages such as budburst,
flowering, fruiting, and leaf fall under different seasonal and climatic conditions [17].
Vegetation phenology directly reflects how vegetation growth responds to environmental
changes and has been garnering increasing attention in climate change research [14,18,19].
The SOS is a crucial phenological event in the growth process of vegetation. Variations
in the SOS may modify vegetation activity, subsequently affecting the carbon cycle of
ecosystems [20]. The SOS was closely associated with climate change [19,21], while the
extent and direction of the SOS response to extreme climate events (such as drought and
high temperatures) remain largely uncertain. Previous research has primarily focused
on the impact of average climate change on the SOS [19,22-24]. Extreme climate changes
have a more pronounced effect on the start of the growing season (SOS) compared to
average climate variations [25,26]. For example, Piao et al. (2015) indicated that extreme
temperature variations have a greater impact on the SOS in the Northern Hemisphere
than average temperature changes [27]. Ma et al. (2015) reported that during a drought
year, the SOS was delayed by 9.7 days, and during a wet year, the SOS was advanced by
25.8 days in Southeastern Australia, far exceeding the influence of average climate [26].
The response of the SOS to extreme climate events is highly complex and varies depending
on both the type of event and the vegetation involved [10,28-30]. Ji et al. (2021) analyzed
the response of the SOS to pre-season drought for various vegetation types in the North
China Plain using GIMMS NDVI data from 1982 to 2015. The study found that pre-season
drought leads to a delay in the SOS, with the most significant impact observed on the
grassland SOS [28]. Studies have shown that extreme low-temperature events primarily
drive the spring phenology in temperate China. The mean daily minimum temperature
has the most significant impact on the mixed forest SOS, while the number of frost days
has a greater effect on the grassland and sparse vegetation [10]. Therefore, it is essential to
examine the response of the SOS to extreme climate events, especially in regions that are
more vulnerable to climate change.

Mongolia, as a key region of the Mongolian Plateau, is situated within arid to semi-arid
zones and ranks among the most sensitive areas to global climate change. In recent years,
under the influence of global warming, the frequency and intensity of extreme climate
events in Mongolia have been steadily increasing [9,31,32]. Previous studies have shown
that between 2000 and 2010, the frequency of extreme drought and extreme cold events in
the Mongolian Plateau increased steadily. Severe droughts occurred in 2001 and 2009, while
an extreme cold event occurred in 2010 [31]. Many scholars have analyzed the SOS and its
driving factors in the Mongolian Plateau [33-37]. Mei et al. (2021) analyzed the elevation
dependence of spring phenology in the northwestern mountainous area of Mongolia and
its impact on vegetation growth based on MODIS data from 2001 to 2018. They found that
the SOS occurred earlier in low-elevation areas, and the spatiotemporal changes of the
SOS were mainly affected by spring temperature and winter precipitation [35]. Based on
GIMMS normalized difference vegetation index (NDVI) data from 1982 to 2015, Wu Rihan
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et al. (2022) found that the sensitivity of the SOS in the Mongolian plateau grassland to
pre-season drought was significantly reduced [33]. However, previous studies in Mongolia
have primarily focused on spatiotemporal changes in the extreme climate indices and their
effects on vegetation cover, with limited attention paid to the relationship between extreme
events and the SOS [15,32,38]. To ensure the healthy development of livestock farming
and to optimize pasture resource management, it is essential to accurately understand the
response of diverse vegetation types’ SOS to extreme climate change, further revealing
their sensitivity to extreme climate indices. Compared to traditional studies that focus on
the effects of average temperature or precipitation, this research introduces extreme climate
indices to provide a more detailed analysis of the sensitivity of diverse vegetation types’
SOS to extreme events. Therefore, this study first utilizes daily maximum, average, and
minimum temperatures, as well as daily precipitation data from 1983 to 2016, to identify
extreme drought, extreme heat, extreme cold, and extreme wet events during the period
from 2000 to 2016. Next, it investigates the impact of extreme climate events on the spring
phenology of diverse vegetation types in Mongolia and finally determines the sensitivity of
the SOS of different vegetation types to extreme climate indices.

2. Materials and Methods
2.1. Study Area

Mongolia is located in Central Asia, bordered by China to the south and Russia
to the north (41°35' N to 52°09’ N, 87°44’ E to 119°56' E). As a landlocked country, it
encompasses a total land area of 1.564116 million square kilometers [39], making it the
second-largest landlocked country in the world, following Kazakhstan. The terrain of
Mongolia gradually decreases in elevation from west to east (see Figure 1a), with an average
elevation of 1580 m. Being situated far from the ocean, Mongolia experiences a typical
continental climate characterized by arid and semi-arid conditions [40]. The winters are
long and severe, while the summers are short and dry, often accompanied by a dzud, a
phenomenon that contributes to cold waves across the Eurasian continent. The average
annual temperature ranges from —8 to 6 °C, and the average annual precipitation is relatively
low, approximately 200 to 400 mm, with most of the rainfall concentrated in the summer
months of June to August. The vegetation in Mongolia varies, transitioning from forest in
the north to grassland and ultimately to sparse desert vegetation in the south [41,42].
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Figure 1. Location of Mongolia and spatial distribution of meteorological stations (a) and vegetation
types (b).
2.2. Dataset
2.2.1. Extreme Climate Indices

This study utilized daily climate observation data from 53 meteorological stations
throughout Mongolia, provided by the Institute of Geography and Geoecology at the

Mongolian Academy of Sciences, covering the period from 1983 to 2016. The dataset
includes daily maximum, mean, and minimum temperatures, as well as daily precipitation.
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The RClimDex model was employed to conduct quality control analysis on the raw data and
to calculate 10 extreme climate indices. These indices encompass eight extreme temperature
indices and two extreme precipitation indices. Detailed information is presented in Table 1.

Table 1. Definitions of extreme climate indices.

Index Indicator Name Definition Unit
TNn Min Tmin A monthly minimum of TN °C
TNx Max Tmin A monthly maximum of TN °C
TXn Min Tmax A monthly minimum of TX °C
TXx Max Tmax A monthly maximum of TX °C

TX10p Cool days Number of days when TX < 10th percentile d

TX90p Warm days Number of days when TX > 90th percentile d

TN10p Cool nights Number of days when TN < 10th percentile d

TN90p Warm nights Number of days when TN > 90th percentile d

RXlday Maximum one-day precipitation Highest precipitation amounts in 1 day mm

RX5day Maximum five-day precipitation = Highest precipitation amounts in 5 days mm

TN and Tmin represent the minimum temperature; TX and Tmax represent the maximum temperature.

The data collected from each meteorological station are stored in a text format and
organized by year, month, day, precipitation, maximum temperature, and minimum tem-
perature, with the values separated by spaces. We compared records from neighboring
stations by conducting a manual check and retained only the data that appeared reason-
able. Any data identified as illogical or implausible were flagged as missing values and
assigned a uniform value of —99.9. Upon completion of the quality control process, the
data were prepared for calculations, resulting in a series of output files saved in Excel
format. Taking into account the impact of pre-season temperature and precipitation on
greening, the annual extreme climate indices are determined using data from October of
the previous year to May of the current year. The extreme climate indices for all stations
are then interpolated using Kriging to generate raster images with the same projection and
pixel size as the NDVI data.

2.2.2. NDVI Data

NDVI datasets for the study area were obtained from the MOD13A2 product, covering
the years 2001 to 2016, with a temporal resolution of 16 days and a spatial resolution of 1 km
(https:/ /search.earthdata.nasa.gov, accessed on 13 June 2023). To minimize the impact of
clouds, solar elevation angle, and atmospheric conditions on the raw data, we employed
harmonic analysis of NDVI time series to smooth and reconstruct the 23 composite NDVI
scenes synthesized on an annual basis. Furthermore, to mitigate the influence of areas
characterized by minimal vegetation cover on the study outcomes, regions with an av-
erage NDVI below 0.08 over multiple years were identified as non-vegetated areas and
subsequently excluded from the analysis.

2.2.3. Vegetation Types

The vegetation type data were sourced from the National Atlas of Mongolia. The
vegetation data from the atlas underwent processes such as scanning, geometric correction,
and digitization. As a result, four vegetation types were identified: forest, meadow steppe,
typical steppe, and alpine grassland (Figure 1b). These categories were used to analyze
the start of the growing season (SOS) for different vegetation types and their sensitivity to
extreme climate indices.

2.3. Methods
2.3.1. Explanation of Extreme Climate Events

Extreme climate events refer to weather phenomena characterized by significant
deviation in climate variables (such as temperature, precipitation, wind speed, etc.) from
the normal range for a specific region and time period [43,44]. These events are often of
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extremely high intensity and can have substantial impacts on the environment, society,
and economy. This study investigates extreme climate events that occurred in Mongolia
from 2000 to 2016, focusing on extreme warm, extreme wet, extreme dry, and extreme
cold events. Prior to calculating temperature and precipitation anomalies, based on daily
temperature and precipitation data from each meteorological station from 1983 to 2016,
we considered the influence of pre-season precipitation and temperature on green-up.
We used data from 1 September of the previous year to 31 August of the current year
to obtain each year’s mean temperature and total precipitation, ultimately deriving the
multi-year average temperature and precipitation. The annual climate anomalies for all
53 meteorological stations within the study area were calculated using Formula (1), and
observations were defined as extreme events when anomaly changes exceeded the 75th
and 25th percentiles [25]:

Y Xij—Xi

A==

1)

where A; represents the climate anomaly for year j; X; ; represents the temperature/ preci-
pitation for station i in year j; X; represents the average temperature/ precipitation for sta-
tion 7 from 1983 to 2016; and 7 is the total number of stations. Based on the annual anomaly
variations in temperature and precipitation, the criteria shown in Table 2 are employed
to identify the following extreme situations: (1) Extreme dry events: the temperature is
as close to the average as possible, but precipitation is below the 25th percentile anomaly
reference line. (2) Extreme warm events: the temperature exceeds the 75th percentile
anomaly reference line, with precipitation remaining close to the average. (3) Extreme
cold events: the temperature is below the 25th percentile anomaly reference line, while
precipitation is as close to the average as possible. (4) Extreme wet events: the temperature
is near the average, but precipitation exceeds the 75th percentile anomaly reference line.

Table 2. Climatic observations that fell outside the 25th and 75th percentiles of the yearly anomaly
time series were identified as extremes.

Extreme Climate Event Tmax Tmean Tmin P
Extreme dry event Aj—=0 Aj—0 Aj—0 Aj <25%
Extreme warm event A]- > 75% A j> 75% A j> 75% Aj —0
Extreme cold event Aj<25% Aj<25% Aj<25% Aj—0
Extreme wet event Aj —0 Aj% 0 A]'H 0 Aj > 75%
Normal year Aj—=0 Aj—0 Aj—0 Aj—0

Tmax represents maximum temperature; Tmean represents maximum temperature; Tmin represents minimum
temperature; P represents precipitation; A; represents climate anomaly for year j.

2.3.2. SOS Extraction

The smoothed and reconstructed NDVI data were used to identify the SOS at the pixel
scale using the cumulative NDVI-based logistic curvature method [45]. The cumulative
NDVI-based logistic curvature method is based on the annual cumulative NDVI. It involves
fitting the cumulative NDVI with a logistic function (22), calculating the curvature of
the fitted curve using Formulas (3) and (4), and defining the time corresponding to the
maximum curvature as the SOS.

C
= 1+ea+bt+d

y(t) )

where y(f) represents the cumulative NDVI value fitted with a logistic function correspond-
ing to Julian day t; d is the background NDVTI; ¢ + d is the maximum cumulative NDVI
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value; and a and b are the fitting parameters. The curvature of the fitted curve is calculated
using Formulas (3) and (4):

_ do _ b%cz(1—z)(1+ 2)3
ds [(1 +2)t+ (bcz)z] "

€)

7 = ea+bt (4)

where k represents the curvature of the cumulative NDVI Logistic fitting curve; a represents
the angle of the unit tangent vector; s is the unit length along the fitted curve; and z is
the parameter.

2.3.3. Statistical Analysis
Radial Basis Function (RBF)

Using the variable importance of the RBF neural network model, we ranked the impact
of 10 extreme climate indices on the SOS for different vegetation types. In this study, the
RBF neural network was used as the analysis tool. The 10 extreme climate indices affecting
the SOS—TXn, TXx, TNn, TNx, TX10p, TX90p, TN10p, TN90p, RX1day, and RX5day—were
all input into the RBF neural network’s input layer, with the SOS as the output layer. By
simulating the effect of extreme climate indices on the SOS, we ranked the indices based on
their influence on the vegetation SOS. This ranking facilitated a detailed analysis of how
various vegetation types respond to different extreme climate indices.

Sensitivity of the SOS to Extreme Climate Indices

The sensitivity of the SOS to extreme climate indices was analyzed using the multiple
linear regression method. We set the SOS as the dependent variable, and the extreme
climate indices were set as the independent variables. The sensitivity of the SOS for
different vegetation types to extreme climate indices was calculated on a per-pixel basis
using a multiple linear regression method. In this analysis, the regression coefficient (slope)
represents the degree of sensitivity.

Y = Bo 4 P Xy + PoXo + -+ PiXu + p (5)

where By represents a constant, and p represents random error. y represents the SOS
data for the years 2001, 2007, 2010, and 2013; X1, X»,. . . X} represent the extreme climate
indices with greater importance for the years 2001, 2007, 2010, and 2013, respectively; and
B1, B, - - -, By represent multiple linear regression coefficients, indicating the sensitivity
characteristics of the SOS to extreme climate indices.

3. Results
3.1. Extreme Climate Events in Mongolia

According to meteorological data from 1983 to 2016, the variations of temperature
and precipitation anomalies are depicted in Figure 2. The data showed that the maximum,
average, and minimum temperatures in the study area increased at rates of 0.39 °C, 0.37 °C,
and 0.27 °C per decade, respectively (Figure 2a—c), indicating a significant warming trend
across Mongolia (p < 0.05). Among them, the rate of increase in maximum temperature
was 1.4 times that of minimum temperature. The annual precipitation anomaly curve
(Figure 2d) shows that Mongolia’s annual precipitation decreased at a rate of 5.95 mm per
decade from 1983 to 2016, although this decreasing trend was not significant (p = 0.12).
However, between 2004 and 2010, annual precipitation was lower than the long-term
average. Over the past few decades, temperatures have increased significantly, with a
rise in the frequency of high-temperature events, while the frequency of cold events has
decreased. In recent years, especially since 2000, significant warming has been dominant.
Between 1983 and 1999, cold events mainly occurred in 1983, 1984, 1985, 1987, and 1988,
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while high-temperature events only occurred twice, in 1997 and 1998. However, since 2000,
the frequency of high-temperature events has increased significantly, occurring five times
in 2002, 2007, 2009, 2014, and 2015. Based on these characteristics of climate change in
Mongolia, four extreme climate events were identified: extreme drought in 2001, extreme
high temperature in 2007, extreme cold in 2010, and extreme wet conditions in 2013.
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Figure 2. Plotted mean climatological departures of Mongolia from 1983 to 2016 for (a) maximum
temperature, (b) mean temperature, (c) minimum temperature, and (d) precipitation. The pink, red,
blue, and green lines correspond to extremely dry, warm, cold, and wet years, respectively. The red
and black circles represent extreme and normal values of climate observations, respectively.

3.2. Spring Phenological Response to Extreme Climate Events

SOS anomalies refer to the deviation of the SOS relative to the long-term average. In
other words, the anomaly represents the difference between the SOS of a specific year or
period and the multi-year average SOS. Positive anomalies indicate a delayed SOS (i.e.,
the start of plant growth occurs later than the average), while negative anomalies indicate
an earlier SOS (i.e., the start of plant growth occurs earlier than the average). Figure 3a—d
illustrates the spatial distribution patterns of the SOS anomalies relative to the long-term
average for the four most extreme years (2001, 2007, 2010, and 2013) within the period
from 2001 to 2016. In 2001, 62.8% of the pixels across Mongolia showed an advancement in
the SOS, mainly distributed throughout the Khangai Mountains region, while the eastern
side of the Khentii Mountains experienced a delay in the SOS (Figure 3a,e). Based on
Figure 3b,f, extreme warmth led to an advancement in the SOS in 79.0% of the study
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area, primarily concentrated in the western Khangai Mountains and the eastern Dornod
Province. Conversely, extreme cold resulted in a delay in the SOS for 57.9% of the study
area, mainly situated on the eastern side of the Khentii Mountains in Khentii Province
and Dornogovi Province (Figure 3c,g). The areas showing advancement in the SOS were
almost equal in proportion to those exhibiting delays, accounting for 53.1% and 43.1% of
the total pixels, respectively. Areas showing advancement were predominantly located in
the southwestern part of the study area and the southern part of the Khangai Mountains,
while areas exhibiting a delay were mainly distributed on the eastern side of the Khentii
Mountains (Figure 3d,h).
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Figure 3. Spatial distribution of SOS anomalies on extreme climate events (a—d). Plot of the relative
frequency of SOS anomalies for extreme climate events (e-h).

Figure 4 illustrates the changes in the average SOS anomalies across the entire study
area in Mongolia and among different vegetation types during extreme climate events. As
shown in Figure 4a, during the extreme drought year, the SOS across the entire study area in
Mongolia was advanced by 6.9 days (ASOS = —6.9 days) compared to the 17-year average
SOS from 2001 to 2016. In the extreme wet year, the SOS in the entire study area exhibited a
slight average advancement of 1.2 days (ASOS = 1.2 days). In warm years, there was an
advancement in the SOS, with an average advance of 13.2 days (ASOS = —13.2 days), while
in cold years, there was an average delay of 1.2 days (ASOS = 1.2 days). Diverse vegetation
types respond differently to extreme climate events (Figure 4b). Forest had the least respon-
sive SOS to extreme dryness and wetness, with a change of only 0.3 days and 1.08 days
(ASOS = 0.3 days and ASOS = 1.1 days). The SOS in alpine steppes shows the greatest
change during extreme drought and extreme heat events, leading to an earlier SOS, with
advances of 8.3 and 15.5 days, respectively (ASOS = —8.3 days and ASOS = —15.5 days).
Regarding extreme warm conditions, typical steppes had the greatest change on the SOS,
advancing it by 17.2 days (ASOS = —17.2 days). However, extreme cold conditions had the
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most significant effect on meadow steppes, delaying the SOS by 6.8 days (ASOS = 6.8 days).
Overall, the response of the SOS to extreme warm conditions is more pronounced across
various vegetation types compared to other extreme events.
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Figure 4. (a) The changes in the average SOS anomalies (black point) across the entire study area in
Mongolia. (b) SOS anomalies among the four vegetation types during extreme climate events.

3.3. The Importance of Extreme Climate Indices on the Phenology of Diverse Vegetation Types

The RBF model was utilized to evaluate the impact of 10 extreme climate indices
(Table 1) on the SOS for various vegetation types in Mongolia during extreme climate
events. Higher values indicate a greater importance of the variable. As shown in Figure 5,
specific attention is paid to the responses of forest, meadow steppe, typical steppe, alpine
grassland, and the overall region’s SOS to these extreme climate indices.

The importance of different extreme climate indices at the SOS for various vegetation
types is illustrated in Figure 5a—e. For extremely dry years, it is evident that the SOS of
forest vegetation is primarily influenced by the RX5day, RX1day, TN10p, and TX90p indices.
The meadow steppe SOS is affected by the RX5day, RX1day, TN90p, and TNXx indices. The
typical steppe SOS is significantly influenced by extreme temperature indices, primarily
the TNx, TXn, TN90p, and TX90p indices. The SOS of the alpine steppe is predominantly
affected by the TX10p, RX5day, TXn, and RX1day indices. The overall regional SOS is
strongly influenced by the RX5day, RX1day, TXn, and TN90p indices.

In extremely warm years, depicted in Figure 5fj, the forest SOS is mainly affected by
the RX5day, RX1day, TX10p, and TN10p indices. The meadow steppe SOS is significantly
impacted by the TXx, TXn, TX10p, and RX1day indices, while the typical steppe SOS is
primarily influenced by the TN10p, RX5day, TX10p, and TXn indices. The alpine steppe
SOS is mainly driven by the TX10p, TN10p, TNx, and TXx indices. Overall, the regional
SOS is most strongly influenced by the TXn, RX1day, RX5day, and TX10p indices.

For extreme cold events, as shown in Figure 5k—o, the forest SOS is primarily influenced
by the TXx, TX90p, TN10p, and RX1day indices. The meadow steppe SOS is affected by
the TX90p, RX1day, TNx, and TN90p indices. The SOS of the typical steppe is mainly
influenced by the TXn, TNn, TNx, and TN90p indices, while the alpine steppe SOS is driven
by the TNx, RX1day, RX5day, and TX90p indices. The overall regional SOS is predominantly
influenced by the TXn, TNn, TX90p, and TNx indices, with extreme temperature indices
having a significant impact on the entire region.

For extreme wet events, as depicted in Figure 5p—t, the forest SOS is mainly influenced
by the TN90p, RX5day, TX90p, and RX1day indices. The meadow steppe SOS is primarily
affected by the TX90p, TX10p, RX1day, and TN90p indices. The typical steppe SOS is most
influenced by the TNx, TXn, RX1day, and TN10p indices. The alpine steppe SOS is driven
by the TX10p, TN10p, RX5day, and TNn indices. Overall, the regional SOS is primarily
influenced by the TXn, TNx, TX10p, and TXx indices, with extreme temperature indices
having a notable impact across the region.

Based on the impact of the 10 extreme climate indices on the SOS across the entire
study area and diverse vegetation types, we selected four key extreme climate indices to
analyze the sensitivity of the SOS to each extreme climate event. The selected indices for an
extreme dry year were RX5day, RX1day, TXn, and TN90p. For an extremely warm year, the
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selected indices were RX5day, RX1day, TXn, and TX10p. For an extremely cold year, the
selected indices were TNn, TNx, TXn, and TX90p. Finally, for an extremely wet year, the

selected indices were RX5day, TXn, TNx, and TX10p.
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Figure 5. The importance of 10 extreme climate indices to the diverse vegetation types of spring
phenology is shown in each year of extreme climate events: (a—e) extremely dry; (f—j) extremely
warm; (k—o) extremely cold; and (p-t) extremely wet years.
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3.4. Sensitivity of Spring Phenology to Extreme Climate Indices

Analyzing the sensitivity of SOS across the entire study area and for different vegeta-
tion types to extreme climate indices in the context of four extreme climate events will help
deepen the understanding of how SOS responds to extreme climate indices. The sensitivity
of SOS to extreme climate indices further illustrates its response to pre-season precipitation
and pre-season temperature. This analysis will have important implications for ecosystem
stability and adaptation planning.

As shown in Figure 6a, under extreme drought conditions, the SOS for the entire
study area, meadow steppe, and typical steppe exhibits the strongest sensitivity to the
TN90p index, with sensitivity coefficients of —2.91, —2.95, and —3.01, respectively. These
significant negative sensitivities indicate that the SOS in these regions is more sensitive
to temperature than to precipitation. The increase in the number of warm nights leads to
an earlier SOS in these areas. Conversely, the SOS for forests and alpine steppe shows the
highest sensitivity to the RX1day index, with sensitivity coefficients of —3.37 and —3.31,
respectively. This significant negative sensitivity indicates that the SOS in forests and alpine
steppe are more sensitive to precipitation than to temperature. An increase of one day of
precipitation results in an earlier SOS for these ecosystems. As shown in Figure 6b, during
an extreme warm event, the SOS for the entire study area exhibits the strongest negative
sensitivity to the TX10p; the sensitivity coefficient is —7.54, indicating that an increase in
cool days leads to an earlier SOS. Among them, the SOS of the meadow steppe is the most
sensitive to the TX10p, with a sensitivity coefficient of 15.87, while the SOS for typical
steppe shows the weakest sensitivity, with a coefficient of —6.09. The SOS of forests and
meadow steppe are positively correlated with the TX10p, whereas the typical steppe and
alpine steppe show a negative correlation.
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Figure 6. The sensitivity of four extreme climate indices to the entire study area and diverse vegetation
types of spring phenology is shown in each year of extreme climate events: (a) extreme dry, (b) extreme
warm, (c) extreme cold, and (d) extreme wet years. ** represents 0.01 significance level.
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During the extreme cold year, the SOS for the entire study area and diverse vegetation
types are most significantly affected by extreme temperature indices (Figure 6¢). The SOS of
forests and typical steppe are highly responsive to the TNXx; the sensitivity coefficients are
—4.33 and —3.29, resulting in a significant negative sensitivity. This means that an increase
in TNx leads to an earlier SOS for forests and typical steppe. The entire study area and
meadow steppe SOS are most sensitive to the TX90p; the sensitivity coefficients are —3.29
and —5.61, while alpine steppe is most sensitive to the TXn; the sensitivity coefficient is
—2.15. This indicates that an increase in TX90p leads to an earlier SOS for meadow steppe,
and an increase in TXn leads to an earlier SOS for alpine steppe. As shown in Figure 6d,
during extreme wet conditions, the SOS of forests and meadow steppe are most affected by
the TX10p; the sensitivity coefficients are —1.85 and 0.92, emphasizing the impact of cool
days on the SOS of these vegetation types. The forest SOS exhibits negative sensitivity to
TX10p, while the meadow steppe SOS shows positive sensitivity to TX10p. The SOS of the
entirety of Mongolia and typical steppe and alpine steppe are most sensitive to the TNX,
resulting in negative sensitivity; the sensitivity coefficients are —4.33, —3.34, and —3.72,
respectively. This suggests that an increase in TNx leads to an earlier SOS for both typical
and alpine steppes.

4. Discussion

The start of the growing season (SOS) serves as an important indicator of climate
warming and is particularly sensitive to temperature changes [46]. Before spring green-
up, vegetation undergoes two temperature-driven dormancy stages: endodormancy and
ecodormancy. During endodormancy, plants require a period of low-temperature chilling
to break dormancy, highlighting the key role of low temperatures in plant growth. Once this
chilling requirement is met, vegetation enters ecodormancy, where it begins to accumulate
heat. When a critical heat threshold is reached, vegetation finally initiates green-up [47].
The increasing intensity and frequency of extreme climate events adds uncertainty to
predictions of climate change’s effects on ecosystems [8,10,26]. Thus, it is urgent to study
how terrestrial ecosystems respond to the increasingly severe extreme climate events.

Research has indicated that Mongolia is experiencing a more significant rise in its
maximum daily temperatures compared to its minimum daily temperatures. The rate
of warming for the maximum daily temperature is outpacing that of the minimum daily
temperature, resulting in an expansion of the diurnal temperature range. This pattern
deviates from the trend observed in most other regions worldwide, where the increase in
the minimum daily temperatures exceeds that of the maximum temperature [48,49].

In Mongolia, extreme dryness has caused the SOS to occur earlier compared to the
multi-year average SOS from 2001 to 2016, which is contrary to the findings of many
previous studies. The results of this study are consistent with [50], which found that, in
the Northern Hemisphere, the SOS in years of extreme pre-season drought occurred an
average of 1.9 days earlier than in normal years and 3.7 days earlier than in wet years. The
SOS of the Mongolian Plateau steppe tends to advance in normal years, while in drought
years, the SOS is delayed [33], which is consistent with the delayed SOS observed in the
meadow steppe in this study. Ge et al. found that the extreme dryness of 2010 delayed the
SOS on the YunGui Plateau, Southwest China, by 10.8 days [51]. There may be two reasons
for the results observed in this study. First, the water limitations caused by drought may
not offset the impact of temperature on the SOS. Our findings indicate that under extreme
drought conditions, the sensitivity of SOS to extreme temperature indices in both meadows
and typical steppes across the entire study area is greater than its sensitivity to extreme
precipitation indices (Figure 6a). Furthermore, the correlation analysis between SOS and
monthly precipitation and temperature from October of the previous year to May of the
current year (Figure 7a) further highlights the crucial role that pre-season temperature plays
in influencing SOS. At the same time, Mongolia is located in arid and semi-arid regions,
where vegetation typically exhibits strong drought resistance [52] and high resilience to
drought stress [53], allowing it to adapt to water-scarce environments. Second, under
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extreme drought conditions, as spring temperatures gradually rise, the melting of snow
or frozen soil replenishes soil moisture, which in turn alleviates drought stress [54]. As
shown in Figure 7a, the correlation between precipitation from October to January of the
previous year and the SOS is higher than that of other months. The relative stability of the
SOS of the forest compared to other vegetation types may be attributed to the deep root
systems and higher water-use efficiency of forests. These characteristics allow forests to
better utilize soil water resources under extremely dry conditions [55,56]. The delay in the
SOS for meadow steppes could be attributed to a higher nighttime temperature, which
hinders the fulfillment of chilling requirements and prolongs the dormancy period [57].
Given that precipitation is the primary driver of vegetation changes in alpine steppes [44],
it is highly likely that it accounts for the heightened sensitivity of the alpine steppe SOS to
RX1day during extreme dryness events.
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Figure 7. The correlation of the SOS with precipitation and temperature across the entire study area
during extreme climate events (a—d). ** represents 0.01 significance level.

The extreme wetness event in 2013 led to an overall advancement in the SOS in the
study area, consistent with the results of Li et al. (2021) [22]. The main reason for this
result is that under conditions of sufficient precipitation, vegetation spring phenology
is primarily driven by temperature [58]. The greater sensitivity of the SOS to extreme
temperature indices compared to extreme precipitation indices further indicates that under
extremely wet conditions, temperature has a more significant impact on spring phenology
than precipitation (Figure 7d). The advancement of SOS in typical steppe and alpine
meadow can be mainly attributed to the influence of nighttime temperatures on vegetation
growth in these areas. The warming of nighttime temperatures may enhance the frost
resistance of vegetation [59], consequently reducing the risk of frost damage [60].

The extremely warm year in 2007 led to an overall advancement in the SOS in Mon-
golia, consistent with findings from other studies [25,61]. While all vegetation types
experienced an advancement in the SOS, the extent of this advancement varied. This may
be attributed to rising temperatures effectively meeting the heat accumulation required for
vegetation green-up [62]. Additionally, increased temperatures lead to snowmelt, which
in turn enhances soil moisture [63], and provides favorable environmental conditions for
vegetation green-up. The sensitivity of SOS across vegetation types to the TX10p index is
the highest, further indicating that daytime temperatures have a greater impact on vegeta-
tion SOS. Among these, typical steppe exhibits the most significant advancement in SOS
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compared to other vegetation types, likely due to the low precipitation and arid climate
of typical steppe regions [25], which result in heat-resistant vegetation. Additionally, the
dominant grasses in these areas have shallow, well-developed root systems that can rapidly
absorb available water [64]. During periods of extreme heat, soil moisture from melting
snow may further support the growth of typical steppe vegetation. Conversely, the extreme
cold event in 2010 resulted in an overall delay in the SOS in Mongolia, consistent with other
research findings [10]. Extreme temperature indices have a profound effect on the SOS.
The sensitivity of the SOS to extreme temperature indices is the highest. The meadow and
alpine steppe SOS respond most strongly to daytime temperatures, likely because lower
daytime temperatures slow the accumulation of heat required for vegetation germination
and leaf emergence [62]. In contrast, the SOS for forests responds most strongly to nighttime
temperatures, suggesting that lower nighttime temperatures may increase the risk of frost
damage. To mitigate frost injury, vegetation delays its green-up [65]. The minimal change
in the SOS in alpine steppe may be due to their high-altitude location, where temperatures
remain relatively low. Under extreme cold conditions, alpine steppe has a strong adaptation
to low temperatures [66], which contributes to the stability of its SOS.

Compound extreme climate events can involve multiple climate factors occurring
simultaneously or sequentially, such as extreme drought combined with high temperatures
or severe storms followed by heavy rainfall. These complex climatic conditions can place
greater stress on vegetation, affecting its growth and physiological processes. For instance,
Choukri et al. (2020) found that lentils had a mean flowering time of 69 days under normal
sowing conditions, whereas under compound high temperature and drought stress, the
mean flowering time was reduced to 44 days, indicating that compound drought and a
warm event significantly shorten the flowering time of lentils [67]. The impact of compound
extreme climate events on vegetation phenology is a topic of significant concern. While past
research has acknowledged the effects of individual extreme climate events on vegetation
phenology, studies on the impact of compound extreme climate events are relatively scarce.
Since these events can have more complex and extensive effects [25,68], it is crucial to
conduct in-depth research on how vegetation phenology responds to them.

5. Conclusions

Extreme climate events significantly impact the start of growing season (SOS) for dif-
ferent vegetation types in Mongolia. Investigating the effects of these events on the growing
cycles of Mongolian vegetation is essential for several reasons: it aids in evaluating and
forecasting future phenological dynamics, forming effective environmental management
and climate adaptation strategies, and deepening our understanding of the carbon and
water cycles in terrestrial ecosystems. This study utilizes MODIS NDVI data from 2001 to
2016, along with data from 53 Mongolian meteorological stations spanning from 1983 to
2016. These stations provide daily maximum, mean, and minimum temperatures, as well as
daily precipitation levels. By examining defined extreme climate events, the study analyzes
the SOS variations across different vegetation types and their sensitivity to pre-season
extreme climate indices, leading to the following conclusions:

(1) From 1983 to 2016, Mongolia experienced a significant warming trend, with pre-season
maximum temperatures rising at a rate 1.4 times faster than minimum temperatures.
Precipitation displayed a non-significant decreasing trend. Specific years were identi-
fied as extreme climate event years: 2001 as an extreme dry year, 2007 as an extremely
warm year, 2010 as an extremely cold year, and 2013 as an extremely wet year.

(2) The SOS in Mongolia responds differently to extreme climate events. Extreme drought,
warm, and wet events tend to trigger an earlier SOS compared to the multi-year
average SOS from 2001 to 2016, while extreme cold events result in a delayed SOS.
Furthermore, the response of the SOS to extreme climate events varies among different
vegetation types.

(3) During extreme climate events, the sensitivity of the SOS in Mongolia to extreme
climate indices varies. In extreme drought and wet events, minimum temperature is
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the primary driver of SOS, whereas maximum temperature plays a key role in extreme
warm and cold events. The sensitivity of the SOS to these climate indices also differs
among diverse vegetation types.
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