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Abstract. Mongolia has extremely fragile ecosystems and rich vegetation resources in arid
and semi-arid zones. It is highly affected by extreme climatic events and is important in the
global carbon cycle. In global warming, it is important to study its vegetation changes for
ecological security. In this paper, based on the gross primary productivity (GPP) data with
daily maximum temperature, daily minimum temperature and daily precipitation data of
Mongolia from 2000 to 2023, the characteristics of spatial and temporal changes in GPP and
its response to climate extremes were analyzed by using Sen Slope + Mann-Kendall trend
analysis, MK mutation test, Pearson’s correlation analysis method, and structural equation
modeling (SEM). The main findings of the studyare as follows: (1) The overall trend of GPP
in Mongolia from 2000 to 2023 is upward. Most areas with high GPP values are located in the
northern Sayanleng and Khangai Mountains, and the areas with significant increases account
for 61% of the total area of the study area; (2) Extreme temperature indices (SU, TNx, TNn)
and extreme precipitation index R20 show an increasing trend at most weather stations in
Mongolia, while other extreme precipitation indices (R95P, SDII) show a decreasing trend;
(3) Extreme precipitation indices contributed to the effect of GPP in the study area, but they
all inhibited GPP in Zabkhan province. R20 is the main factor influencing vegetation growth.
Extreme temperature indices TNx and SU inhibited GPP and promoted GPP excepting the
cold all year round Khuvsgul province, where GPP was promoted due to summers became
warmer; (4) R20 and R95P significantly affect GPP positively and negatively, respectively.
This opposed relationship reflects the dual role of precipitation pattern and intensity in
regulating vegetation productivity. Other indices may influence ecosystem dynamics through
indirect pathways under extreme climate change scenarios. The study’s results can provide
scientific references for Mongolia’s ecological environment protection and green sustainable
development.
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Introduction
Gross Primary Productivity (GPP) is a key metric that quantifies the total organic
matter produced by green plants in terrestrial vegetation ecosystems through the fixation
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of CO, by photosynthesis. It serves as the initial energy input into the terrestrial ecosystem
cycle, reflecting the productivity of terrestrial ecosystem vegetation under natural
conditions [Chen et al., 2019; Wang et al., 2020; Tang et al., 2022]. More than just a
number, GPP is a significant negative feedback mechanism in the carbon sink system and
a key indicator of the interaction between the Earth’s atmosphere and biosphere [Beer et
al.,2010; Wang et al., 2016]. It is a powerful tool that can reflect the growth of vegetation
to varying degrees and the response of vegetation to climate change [Ge et al., 2021; Wu
et al., 2022]. With the increasing impacts of global climate change and anthropogenic
activities, future changes in ecosystem structure and its GPP are inevitable. Therefore,
quantifying the spatial and temporal dynamics of GPP is not just of great significance for
carbon cycle estimation. Still, it also provides a significant reference value for regulating
terrestrial ecological processes and sustainable development [Yan et al., 2016; Zelalem
et al., 2016; Yao et al., 2018]. This research on GPP is crucial for understanding and
managing ecosystem productivity in the face of climate change.

Global warming has become a profound challenge humanity faces nowadays [Qin,
2014]. According to the Intergovernmental Panel on Climate Change (IPCC) report in
2023 [Asadnabizadeh, 2023], global warming has caused the temperature to rise to 2.5—
2.9°C, much higher than the expected temperature level in the early part of this century.
Extreme weather events have become the most significant source of disasters [Zhou and
Qian, 2021]. Extreme climate events occur when the local weather differs significantly
from its average conditions, and they pose a more substantial threat to human societies and
natural ecology than average changes in climate due to their unpredictable, destructive,
and sudden nature [Guobin et al., 2013; Aghakouchak et al., 2014; Wu et al., 2014].
Climate extremes affect photosynthesis, respiration, plant growth, and ecosystem carbon
balance [Reichstein et al., 2013]. Extreme climate events such as high temperatures and
floods can severely impact vegetation transpiration, leading to mortality' [IPCC, 2012;
Zhang et al., 2014; Yu et al., 2014]. Global warming will increase the frequency and
intensity of extreme climate events [Lloret et al., 2012; Horton et al., 2015]. In the future,
extreme climate events will occur more frequently, causing irreversible phenomena like
perennial permafrost melting, since the photosynthesis process is susceptible to extreme
climate events [Ciais et al., 2005; Ahlstrom et al., 2015; Zhang et al., 2016]. Therefore,
exploring the spatial and temporal distribution of GPP and extreme climate events and
the relationship between the two is of great significance for disclosing changes in gl obal
terrestrial ecosystems. Temperature affects vegetation changes mainly at large regional
scales. In contrast, precipitation plays a more critical role at small regional scales, with a
particularly significant effect in arid and semi-arid zones [ Yu et al., 2004].

Mongolia is located in arid and semi-arid regions. It is affected by summer, winter, and
westerly winds, making the climate system highly complex and one of the most sensitive
regions regarding global climate change response. It is also a critical livestock base in
East Asia and is highly dependent on the growth conditions of terrestrial vegetation
[Zhang et al., 2016; Siqin et al., 2018]. Mongolia’s ecosystems are considered as fragile,
and the vegetation is sensitive to climate change [Chen et al., 2022]. Extreme climatic

' IPCC. Managing the Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation: A special report of working groups I and II of the intergovernmental panel on climate
change. Cambridge: Cambridge University Press, 2012.
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events can seriously impact vegetation growth status, even disrupting the energy cycle of
ecosystems [Gajewski, 2015]. Therefore, it is essential to consider the impacts of local
extreme climate events when exploring the vegetation GPP changes in the study area.
Accurate estimation of GPP provides timely information on ecosystems’response to
extreme events and is valuable for understanding ecosystem functioning, carbon cycling,
and feedback to climate.

Therefore, studying spatial and temporal variations of GPP in Mongolia in response
to climateextremes is essential for ecological conservation and disaster prevention in
Mongolia.

Materials and Methods

Study Area

The study has focused on Mongolia, a unique country in Central Asia. It has a total
area of 1565 million km?, and its border extends between the latitudes of 41°35' N to
52°09' N and the longitudes of 87°44" E to 119°56’ E. This area also represents arid and
semi-arid regions between the Great Siberian boreal forest and the Central Asian deserts.
Mongolia consists of 21 administrative units (provinces).

Data Collection

The Moderate Resolution Imaging Spectroradiometer (MODIS) GPP data, with
a spatial resolution of 500 m, was collected from 2000 to 2023 from NASA’s MOD17A2H
data product (https://www.nasa.gov/). It was processed and downloaded by Google Earth
Engine and then pre-processed by resampling, reprojection, etc., to obtain the multi-year
annual average GPP and seasonal GPP time series covering Mongolia.

Meteorological data from 2000 to 2023 from the National Oceanic and Atmospheric
Administration (NOAA) consists of the National Center for Environmental Information
(NCE]) released by the NCEI Site’s daily meteorological data set (https://ecocast.arc.nasa.
gov/). The precipitation, daily maximum temperature, and daily minimum temperature
of each meteorological station in the data set were selected for analysis and research.
The RClim Dex model, a widely used tool for climate data analysis, was used to check
and control the quality of daily value meteorological data of selected meteorological
stations. Then, the RClim Dex model was used to calculate the extreme climate index
of each selected meteorological station in Mongolia from 2000 to 2023. The Inverse
Distance Weighted (IDW) method, a spatial interpolation technique commonly used in
environmental studies, was used to interpolate the extreme climate index into raster data
with a spatial resolution of 500 m using R language.

Data Analysis

Sen’s Slope and Mann-Kendall trend test

Sen’s Slope and Mann-Kendall trend test, two reliable and widely accepted methods,
are employed to analyze the temporal and spatial evolution characteristics of vegetation
GPP and extreme climate in Mongolia during 2000-2023. This rigorous analysis
examines the significance of changes in the time series, with Sen’s Slope effectively
eliminating the influence of abnormal and discrete data on the overall trend results,
ensuring the credibility of our research.
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Table 1
Selection of extreme climate indices
ID Indicator name Definitions UNITS

SU25 | Summer days Annual count when TX (daily maximum) > 25°C Days
TNx |MaxT, The monthly maximum value of the daily minimum temp |°C
TNn (MinT The monthly minimum value of the daily minimum temp |°C
R20 N“n?b?r O.f hefty Annual count of days when PRCP > =20 mm Days

precipitation days

Simple daily Annual precipitation is divided by the year’s wet days
SDII intensity index (PRCP>= 1.0 mm) Mm/day
R95p | Very wet days Annual total PRCP when RR > 95" percentile Mm

The Mann-Kendall trend test is utilized to reveal the significance of the changing
trends of vegetation GPP and climate extremes in Mongolia from 2000 to 2023. The
test statistic Z value of the Mann-Kendall significance test classifies the changing trends
of vegetation GPP into six change grades, underscoring the importance of our findings:
significant decrease, insignificant decrease, insignificant increase, significant increase,
and stable.

Mann-Kendall mutation test

The Mann-Kendall mutation test, a non-parametric statistical method, is simple and
remains unaffected by a few outliers. It applies to categorical and ordinal variables,
and its calculations are straightforward [Karpouzos et al., 2010]. In this study, we first
employed the Mann-Kendall mutation test to investigate whether there are mutations in
extreme climate events across different time scales. A mutation refers to the phenomenon
where a long-term series transitions from one relatively stable state to another. The
Mann-Kendall mutation test, one of the most used methods for identifying mutations
and analyzing change points, is simple. The specific calculation steps are as follows:

First, the time series is x1, x2... xn, Sk represents the cumulative variable of the I th
sample xi > xj (1 <1< j), defining Sk:

Si=Y ., (k=12...n) (1)

1, Xi>X; .. :
ﬁ=&ﬁﬂm=1&”ﬁl=LZJﬂQ)

Assuming that the time series is randomly independent, E(Sk) and Var(Sk) are the
mean and variance of the cumulative variables. The calculation formula is as follows:

Var[Sy] = k(k—1)(2k+5)/72 a<k<n

(3)
E[S,] = k(k — 1)/4
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Standardize Sk:
UF, = S, —E [sk/\!\!ar[sk]] 4)

Among these parameters, we define UF1 as equal to zero (UF1 =0). For any specified
significance level a, should |[UFk| exceed Ua (i. e., |[UFk| > Ua)? This indicates that
a notable trend change exists within the time series data. By aggregating all values of
UFk into a singular curve and applying this methodology to its inverse sequence yields
what is referred to as the UBk curve. Assuming our chosen significance level is set at
a=0.05 results in U 0.05 being 1,96 respectively. The value of UFk or UBk exceeding
zero denotes an ascending trend within the time series; conversely, if either value falls
below zero, it signifies a descending trend. When these values surpass their respective
critical thresholds, indicating statistical significance, it reveals substantial evidence for
either an upward or downward trajectory in trends observed over periods defined by such
thresholds, marking potential instances of abrupt shifts. Furthermore, if intersections
arise between curves representing UFk and UBk within bounds established by these
critical lines, the corresponding timestamps at which such intersections occur signify
initiation points for identified abrupt changes.

Pearson correlation analysis

To study the response of GPP to extreme climate events in Mongolia, the Pearson
correlation coefficient method was used to analyze the correlation between GPP and
extreme climate index. Its calculation formula is as follows:

1]

D(x=%)(y-7)
= e (5)
JZ{x. S (5 -5)

im] fml

Where is the correlation coefficient, n is the logarithm of two sets of variables; x
and y represent the values of GPP and each extreme climate index, respectively. x and
y represent the meaning of the GPP and the extreme climate index, respectively. When
r > 0, the extreme climate index positively correlates with GPP. When r < 0, the extreme
climate index negatively correlates with GPP. When the absolute value of r is more
significant, the correlation between the extreme climate index and GPP is stronger. The
significance of r was tested at a = 0.05 and a = 0.01 levels.

Structural Equation Model

Structural Equation Modeling (SEM) was employed to examine the relationships
between the variables in the study. SEM is a comprehensive statistical technique that
analyzes complex relationships between observed and latent variables. It was used to
model the direct and indirect effects of extreme climate indices (such as R95P, R20,
SDII, SU, TNn, and TNx) on GPP. The model was constructed using the data from the
study and was fit using the lavaan package in R.

SEM was chosen for its ability to evaluate both the measurement and structural
relationships between variables simultaneously, providing a detailed understanding of
the causal effects among the variables.
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Results

Temporal Variation of Vegetation GPP

As shown in Fig. 1, Mongolia’s GPP exhibited an overall increasing trend from 2000
to 2023, with a growth rate of 1.40 g/(m?-a). The maximum value of vegetation GPP
during the study period occurred in 2018, with a value of [insert value] g/(m?-a), while
the minimum value was observed in 2007, with a value of [insert value] g/(m?-a).
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Fig. I. Interannual variation of GPP

Spatial Variation of Vegetation GPP

The spatial distribution of the mean annual GPP for Mongolia from 2000 to 2023
is shown in Fig. 2. The GPP is higher in the northern Sayhan Mountains and Khangai
Mountains, and overall, there is an increasing trend from the southwest to the northeast.

The spatial distribution pattern of the GPP changes in Mongolia from 2000 to
2023, shown in Fig. 3, reveals significant variation. Most of the study areas exhibit
an increasing trend in GPP. At the same time, some local regions show a decreasing
trend, primarily in central Uvs Province, northern Khuvsgul Province, and northern
Gobi-Altai Province. Areas with an increasing GPP trend account for 96.2 % of the total
study area. Mongolia’s central and northeastern regions show significant GPP increases,
covering 61 % of the study area. In contrast, regions with a decreasing trend account for
3.8% of the total area. In proportion, the areas with a significant increase in GPP are
the most prominent.

Time Variation Characteristics of Extreme Temperature Indices

The time variation trend of extreme temperature indices in Mongolia from 2000 to
2023, analyzed by year, and the MK test of the time trend (Fig. 4), with UF representing
the trend statistic for the extreme temperature index time series and UB representing
the reverse sequence statistic of the extreme temperature index, are shown in the figure.
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Fig. 3. The significance of annual average GPP in Mongolia from 2000 to 2023

The figure shows that the frequency index representing temperature warming, SU25
(Fig. 4-a), exhibits a decreasing trend with a rate of 2.4 days/decade. The MK test shows
that values before 2003 are more significant than 0, indicating an increasing trend for
SU25. After 2003, values are all less than 0, indicating a decreasing trend. Additionally,
SU25 shows several intersection points within the critical value range between 2003 and
2022. However, due to multiple extremely high-frequency intersections between 2007
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and 2017, these cannot be considered abrupt change points. A more notable change is
observed in 2003, indicating a significant shift in the SU25 trend, with a change in the
trend before and after 2003.

uB Significance level of 0.05

UF

MK

Slope (SU25) = -0.2352 Slope (TNx) = -0.0582
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Fig. 4. Interannual variation trend of extreme temperature index

The extreme temperature intensity index, TNx (Fig. 4-b), shows a decreasing trend,
while TNn (Fig. 4—c) shows an increasing trend at a rate of 0.6 °C/decade. The MK test
reveals that TNx values before 2003 are more significant than 0, indicating a growing
trend, while values after 2003 are less than 0, indicating a decreasing trend. TNn values
in 2000-2001 are less than 0, showing a decreasing trend, but after 2001, TNn values
are more significant than 0, primarily exhibiting an increasing trend. Moreover, TNx
has three intersection points between 2005 and 2007, within the critical value range,
but there is no change in the trend before and after the abrupt change. TNn has several
extremely high-frequency intersection points between 2010 and 2012, which are not
considered change points. However, a more prominent change point is observed in 2002,
indicating that TNn experienced a significant shift in 2002, with a change in the trend
before and after 2002.

Spatial variation characteristics of extreme temperature index

The spatial distribution of the interannual variation trends of summer days (SU) in
Mongolia (Figure 5—a) shows an increasing trend at 6.2% of the study stations and a
decreasing trend at 36.8%. Among these, 7.9% and 5.3% of the stations passed the
significance test. Overall, SU exhibits an increasing spatial trend.

From the spatial distribution of the interannual variation trends of the annual
maximum of daily minimum temperature (TNx) over the past 24 years (Figure 5-b),
TNx shows an increasing trend at 63.2 % of the study stations and a decreasing trend at
36.8%. Of these, 10.5% and 5.3 % of the stations passed the significance test. For the
spatial distribution of the interannual variation trends of the annual minimum of daily
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minimum temperature (TNn) (Figure 5—c), TNn shows an increasing trend at 73.7% of
the study stations and a decreasing trend at 26.3 %. Among these, 13.2% of the stations
with an expanding trend passed the significance test, while none of the stations with
a decreasing trend did. Overall, both TNn and TNx exhibit increasing trends spatially.
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Fig. 5. Spatial distribution of annual variations of extreme temperature index
over Mongolia: a. SU25; b. TNx; ¢. TNn

Time Variation Characteristics of Extreme Precipitation Indices

Extreme precipitation indices are divided into frequency indices and intensity indices.
R95P and SDII are intensity indices, while R20 is a frequency index. The variation in the
extreme precipitation intensity indices R95P (Figure 6—a) and SDII (Figure 6-b) shows
an increasing trend, with rates of 4,2 mm/decade and 0,04 mm/day/decade, respectively.
From the MK test, it can be observed that R95P values before 2001 and between 2003
and 2023 are more significant than 0, indicating an increasing trend during these periods.
However, between 2001 and 2003, the values are less than 0, showing a decreasing trend.
R95P exceeds the significance level in 2013 and 2020, indicating a significant upward
trend in 2013 and between 2020 and 2022. Additionally, R95P has three intersection
points between 2002 and 2007 that lie within the critical value range, suggesting
a change point, but the trend remains unchanged before and after this point. The variation
trend of SDII is divided into five periods: the values from 2000 to 2001, 2003 to 2015,
and after 2018 are all greater than 0, showing an increasing trend. However, from 2001
to 2003 and 2016 to 2018, SDII values are less than 0, indicating a decreasing trend.
Furthermore, SDII shows two intersection points in 2002 and 2022, lying within the
critical value range, indicating that SDII experienced a change point in these two years,
with no change in trend before and after the change.

The extreme precipitation frequency index R20 (Figure 6—) shows an increasing
trend, with a 0.4 day/decade rate. The MK test reveals that values before 2005 are less
than 0, indicating a decreasing trend, while values after 2005 are more significant than
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0, indicating an increasing trend. R20 exceeded the significance level in 2010, showing
a significant upward trend. Additionally, R20 has an intersection point in 2007 that lies
within the critical value range, indicating a change point in 2007, with no change in trend
before and after this point.

T T T T T
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Fig. 6. Interannual variation trend of extreme precipitation index: a. R95P; b. SDII; c. R20

Spatial Variation Characteristics of Extreme Precipitation Index

Over the past 24 years, the spatial distribution of interannual variability in heavy
precipitation (R95p) across Mongolia shows that 26.3% of the stations exhibit an
increasing trend, while 73.7 % show a decreasing trend (Figure 7—a). Among these, none
of the stations with a growing trend passed the significance test, while 13.2% of the
stations with a decreasing trend did. The spatial distribution of interannual variability
in the mean precipitation intensity (SDII) reveals that most stations (94.7 %) exhibit a
decreasing trend, with 7.9 % of these stations passing the significance test (Figure 7-b).
Overall, R95P and SDII show a decreasing trend spatially.

The number of heavy precipitation days (R20) exhibits an increasing trend at 78.9 %
of the stations and a decreasing trend at 21.1%, with 15.8% and 0.0% passing the
significance test, respectively (Figure 7—c). Overall, R20 shows an increasing spatial
trend.

Correlation Analysis Between GPP and Extreme Climate Indices

Using correlation analysis to study the impact of extreme climate on GPP, as shown
in Figure 8, it can be observed that the index most strongly positively correlated with
GPP is R20, with a correlation coefficient of 0.60. R95P and SDII show weaker positive
correlations with GPP, with correlation coefficients of 0,21 and 0,07, respectively. SU,
TNx, and TNn show negative correlations with GPP. Among them, the correlation
coefficients of TNx and SU with GPP are —0.46 and —0.43, respectively, indicating
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moderate correlation. The correlation coefficient of TNn with GPP is — 0.10, indicating
a weak correlation. Therefore, extreme precipitation indices positively correlate with
GPP, which promotes GPP. In contrast, the extreme temperature index, precisely the
extremely low value of the daily minimum temperature, shows no significant effect on
GPP, while other indices have a suppressive effect.
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Fig. 7. Spatial distribution of annual variations of extreme precipitation index over
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The spatial distribution of the correlation between GPP and extreme climate indices

The figure shows the spatial distribution of the correlation coefficients between
growing season GPP and extreme climate indices at the pixel scale in Mongolia.

For the extreme temperature index, the regions with a positive correlation between
GPP and SU account for 5.1 %, with 3 % showing a highly significant positive correlation
(p <0.01), primarily located in the Khuvsgul Province, the Khangai Mountains, and the
Altai Mountains. Conversely, regions with a negative correlation account for 49.7 %, with
32 9% exhibiting a highly significant negative correlation (p < 0.01), mainly distributed
in central and eastern Mongolia (Fig. 9—a). This correlation pattern suggests high-
temperature events may suppress vegetation growth by increasing water evaporation or
reducing photosynthetic efficiency. The negative impact is particularly evident in arid
and semi-arid regions with scarce precipitation.

The spatial distribution of the correlation between TNx and GPP shows that positively
correlated areas account for only 1.10%, with highly significant positive correlations
(p <0.01) occupying just 0.02 %. Areas with negative correlations are more widespread,
covering 28.40%, with highly significant negative correlations (p < 0.01) accounting
for 10.80%, mainly concentrated in the Eastern, Sukhbaatar, and southern Khentii
provinces (Fig. 9-b). The correlation between TNn and GPP indicates that positively
correlated areas account for only 0.80 %, with significant positive correlations (p < 0.01)
occupying 0.02%. Negatively correlated areas cover 2.20%, with highly significant
negative correlations (p < 0.01) accounting for 0.04 %, primarily located in Zavkhan
Province (Fig. 9—). The remaining areas show no significant correlation, suggesting
that extreme temperature indices, particularly TNx and TNn, have a limited impact
on vegetation productivity in most parts of Mongolia. These patterns likely reflect the
localized influence of temperature extremes, where high temperatures may suppress
growth in arid regions, and moderate increases in low temperatures may reduce cold
stress but only in specific areas.

For extreme precipitation indices, the spatial distribution of the significance of the
correlation coefficients between R95P, SDII, and GPP shows similar patterns. The areas
where R95P is positively correlated with GPP account for 24.70 %, with 9.70 % of these
areas showing highly significant positive correlations (p < 0.01), primarily distributed in
the Eastern Province, Sukhbaatar Province, Uvs Province, and central regions. Similarly,
19.80% of the areas where SDII positively correlates with GPP, with 9.00 % showing
highly significant positive correlations (p < 0.01), have distribution patterns like R95P.

The areas where R95P and SDII are negatively correlated with GPP account for
1.30% and 1.00%, respectively, with 0.60% and 0.30% of these areas showing highly
significant negative correlations (p < 0.01), primarily concentrated in the Zavkhan
Province (Fig. 9—d, e). Overall, both R95P and SDII show a high proportion of areas
with significant positive correlations, indicating that increased precipitation intensity
promotes vegetation growth to some extent. This is because moderate rainfall provides
the necessary water for plant growth, especially in the relatively arid regions of central
and eastern Mongolia, where additional precipitation contributes significantly to
GPP growth. In these positively correlated areas, the proportion of highly significant
positive correlations is high (9.70% and 9.00 %), reflecting the significance of changes
in precipitation intensity on vegetation growth.
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In contrast, the proportion of negatively correlated areas is smaller (1.30% and
1.00%), but these areas with highly significant negative correlations are concentrated
in Zavkhan Province. This may be due to the poor soil permeability in this area, where
excessive precipitation leads to reduced soil oxygen or waterlogging, inhibiting root
growth. Additionally, the increased precipitation intensity in this region may have
harmed certain vegetation types, thereby reducing GPP.

The area where R20 positively correlates with GPP accounts for 43.40%, with
24.4% showing highly significant positive correlations (p < 0.01), primarily distributed
in the eastern and central regions and around lakes. The area where R20 is negatively
correlated with GPP accounts for 0.6 %, with less than 0.20% of these areas showing
highly significant negative correlations (p < 0.01). Although the areas around lakes
already have abundant water sources, the increase in precipitation frequency may further
enhance the local hydrological environment’s moisture level, providing additional water
sources that support plant growth and photosynthesis, thereby promoting an increase in
GPP. Precipitation events encourage vegetation growth and GPP.
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Fig. 9. Spatial distribution of correlation between extreme climate indices and GPP:
a. SU, b. TNx, c. TNn, d. R95P, e. SDII, f. R20
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Structural Equation Modeling (SEM) Analysis of GPP and Extreme Climate
Indices

Structural equation modeling (SEM) was used to quantitatively evaluate the driving
mechanisms of extreme climatic events on vegetation productivity (GPP). The model fit
analysis had strong explanatory power (¥* = 5.343, degrees of freedom = 2, P = 0.069)
and effectively captured the key interactions between variables. The results showed
that heavy precipitation (R95P) significantly and negatively affected GPP (throughput
coefficient = —0.916, P = 0.021), suggesting that extremely heavy precipitation may
inhibit vegetation productivity through soil saturation or oxygen limitation. The effect
of the number of heavy rainy days (R20) on GPP was significantly positively correlated
(throughput coefficient = 1.455, P < 0.001), suggesting that stable precipitation patterns
have an essential role in promoting vegetation growth. The direct effects of mean annual
rainy day precipitation intensity (SDII) and temperature-related indices (SU, TNn, TNXx)
on GPP were not statistically significant (P > 0.05), suggesting that these factors may
influence vegetation productivity through indirect pathways.

Our comprehensive analysis has uncovered the intricate interaction mechanism
between extreme climatic events. The significant increase in r95P has a profound impact
on the number of heavy rainfall days (R20) (throughput coefficient = 0.997, P < 0.001),
indicating that the frequency of extreme precipitation directly influences the number of
precipitation days. However, the potential negative effect of a very high low temperature
(TNx) on R20 is a factor that cannot be overlooked. This negative effect could accelerate
evaporation or increase drought stress (path coefficient=-0.356, P=0.003). Furthermore,
TNx plays a significant role in the increase of summer days (SU) (pathway coefficient =
0.634, P < 0.001), underscoring the profound impact of high temperatures on seasonal
climate patterns. Conversely, R95P negatively impacts SU (throughput coefficient =
—0.623, P = 0.026), possibly due to the destabilization of the climate system by heavy
precipitation events (Fig. 10).

Extreme climatic events regulate vegetation productivity dynamics through complex
multidimensional mechanisms. R95P and R20 showed inhibitory and facilitatory effects
on GPP, suggesting that total precipitation and distribution patterns are key drivers
of vegetation productivity. TNx significantly affects heavy precipitation and summer
days and may regulate GPP through indirect pathways. This study provides important
theoretical insights into the complex impacts of extreme climate events on ecosystem
functioning and provides essential guidance for predicting and mitigating ecosystem
responses under climate change.

Conclusion

This study reveals the characteristics of spatiotemporal changes in GPP and its
response to climate extremes in Mongolia through Sen Slope + Mann-Kendall trend
analysis, MK mutation test, Pearson correlation analysis method, and structural equation
modeling. The main conclusions are as follows:

Vegetation in Mongolia was in a good condition from 2000 to 2023, and the average
annual GPP showed an increasing trend at a rate of 1.40 g C-m-2-a-1, with a significant
increasing trend in GPP in 61 % of the area.
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Fig. 10. SEM fit of GPP to extreme climate indices

The extreme temperature indices (SU, TNx, TNn) showed an increasing trend at most
stations in Mongolia. Their spatial distribution was relatively consistent, with highs in
the center and northeast and lows in the southeast. The extreme precipitation indexes
R95p and SDII showed a decreasing trend in spatial variation at most stations, while the
R20 showed an increasing trend.

The TNn of the extreme temperature index had a weak effect on GPP in Mongolia,
while the others had an inhibitory effect on vegetation growth. The extreme precipitation
index, however, promoted the growth of vegetation, in which R20 had a significant
positive correlation with GPP in 43.40% of the regions, which was the main factor
influencing vegetation growth.

The SEM-based study of the relationship between GPP and extreme climate indices
found that R20 significantly and positively affects GPP (P < 0.001). TNx not only
significantly affects R20 and SU, but also moderates GPP through indirect pathways.

References

1. Agha Kouchak, Amir, Cheng et al. Global Warming and Changes in Risk of Concurrent
Climate Extremes: Insights from the 2014, California Drought [J]. ProQuest. 2014; 41(24).

2. Ahlstrom A., Raupach M.R., Schurgers G. et al. The Dominant Role of Semi-Arid
Ecosystems in the Trend and Variability of the Land CO, Sink [J]. Science. 2015; 348(6237):
895-899.

3. Asadnabizadeh M. Climate Change 2023. Synthesis Report. A Report of the Inter-
governmental Panel on Climate Change [M]. 2023.

4. Beer C., Reichstein M., Tomelleri E. et al. Terrestrial Gross Carbon Dioxide Uptake:
Global Distribution and Covariation with Climate. Science. 2010; 329(5993): 834-838.
DOI: 10.1126/science. 1184984

5. Chen S., Huang Y., Gao S. et al. The Impact of Physiological and Phenological Change
on Carbon Uptake on the Tibetan Plateau Was Revealed Through GPP Estimation Based on
Spaceborne Solar-Induced Fluorescence [J]. The Science of the Total Environment. 2019;
663: 45-59.

45



IIPUPOJIA BHYTPEHHEN A3UU Ne 2(31) 2025
NATURE OF INNER ASIA

6. Chen X.N,, Tao X., Yang Y. P. Distribution and Attribution of Gross Primary Productivity
Increase over the Mongolian Plateau, 2001-2018 [J]. leee Access. 2022; 10: 25125-25134.

7. Ciais P., Reichstein M., Viovy N. et al. Europe-Wide Reduction in Primary Productivity
Was Caused by Heat and Drought in 2003 [J]. Nature. 2005; 437(7058): 529-533.

8. Gajewski K. Impact of Holocene Climate Variability on Arctic vegetation. Global and
Planetary Change. 2015; 133: 272-287.

9. Ge Wy, Han Jq., Zhang D., Wang F. Divergent Impacts of Droughts on Vegetation
Phenology and Productivity in the Yungui Plateau, Southwest China. Ecological Indicators.
2021; 127: 107743. DOI: 10.1016/j.ecolind.2021.107743.

10. Guobin Fu, Jingjie Yu, Xiubo Yu. et al. Temporal Variation of Extreme Rainfall Events in
China, 1961-2009 [J]. Journal of Hydrology. 2013; 487: 48-59.

11. Horton D. E., Johnson N. C., Singh D. et al. Contribution of Changes in Atmospheric
Circulation Patterns to Extreme Temperature Trends [J]. Nature. 2015; 522 (7557): 465-4609.

12. Karpouzos D. K., Kavalieratou S., Babajimopoulos C. Trend Analysis of Precipitation
Data in Piaria Region (Greece) [J]. European Water. 2010; (30): 31-40.

13. Lloret F., Escudero A., Iriondo J. M. et al. Extreme Climatic Events and Vegetation: The
Role of Stabilizing Processes [J]. Global Change Biology. 2012; 18(3): 797-805.

14. Qin Dahe. Climate Change Science and Sustainable Development [J]. Progress in
Geography. 2014; 33(7): 874—-883. https://doi.org/10.11820/dlkxjz.2014.07.002

15. Reichstein M., Bahn M., Ciais P. et al. Climate Extremes and the Carbon Cycle. Nature
500.2013; 287-295.

16. Siqin Tong, Jiquan Zhang, Yuhai Bao, Quan Lai et al. Analyzing Vegetation Dynamic
Trends on the Mongolian Plateau based on the Hurst Exponent and Influencing Factors from
1982-2013 [J]. Journal of Geographical Sciences. 2018; 28(5): 595-610.

17. Tang R., He B., Chen H.W. et al. Increasing Terrestrial Ecosystem Carbon Release in
Response to Autumn Cooling and Warming [J]. Nature Climate Change. 2022. 12(4): 380-385.

18. Wang Miaomiao, Zhou Lei, Wang Shaoqiang et al. An Analysis of the Gross Primary
Productivity Simulation Difference Resulting from the Spatial Resolution [J]. Geographical
Research. 2016; 35(4): 617-626. https://doi.org/10.11821/d1lyj201604002

19. Wang X., Chen J. M., Ju W. Photochemical Reflectance Index (PRI) can be Used to
Improve the Relationship between Gross Primary Productivity (GPP) and Sun-Induced
Chlorophyll Fluorescence (SIF) [J]. Remote Sensing of Environment. 2020; 24: 111888.

20. Wu Ji-dong, Fu Yu, Zhang Jie, Li Ning. Meteorological Disaster Trend Analysis in China,
19492013 [J]. Journal of Natural Resources. 2014; 29(9): 1520—1530. https://doi.org/10.11849/
zrzyxb.2014.09.007

21. Wu X, Zhang R., Bento V. A., Leng S., Qi J., Zeng J., Wang Q. The Effect of Drought on
Vegetation Gross Primary Productivity under Different Vegetation Types across China from 2001
to 2020. Remote Sensing. 2022; 14: 4658. DOI: 10.3390/rs14184658.

22. Yan Min, Li Zeng-Yuan, Tian Xin et al. Remote Sensing Estimation of Gross Primary
Productivity and its Response to Climate Change in the Upstream Heihe River Basin. Chinese
Journal of Plant Ecology. 2016; 40(1): 1-12. DOI: 10.17521/cjpe.2015.0253

23. Yao Yitong, Wang Xuhui, Li Yue et al. Over the last thirty years, the spatial pattern
of gross primary productivity and its covariation with climate in China. [J]. Pubmed. 2018; 24(1).

24. YuF., Price K., Ellis J. et al. Interannual Variations of the Grassland Boundaries Bordering
the Eastern Edges of the Gobi Desert in Central Asia [J]. International Journal of Remote Sensing.
2004; 25(2): 327-346.

25. Yu Quanzhou, Liu Yujie, Liang Chunling, et al. Characterization of drought response
of Nansihu wetland based on remote sensing [J]. Resource Science. 2014; 36(07): 1519-1526.

46



Lan Ai, Sainbuyan Bayarsaikhan, Mendbayar Otgonbayar, Bvambakhuu Gantumur, Bayanzul Davaadorj, Batsaikhan
Bayarsaikhan, Yuhai Bao,Ganpurev Dashlegtseg. Temporal and Spatial Variation of Gross Primary Productivity...

26. Zelalem A. Mekonnen, Robert F. Grant, Christopher Schwalm. Contrasting Changes in
Gross Primary Productivity of Different Regions of North America as Affected by Warming in
Recent Decades [J]. Agricultural and Forest Meteorology. 2016; 218-219: 50-64.

27. Zhang Bin, Zhu Jian-Jun, Liu Hua-Min, Pan Qing-Min. Effects of Extreme Rainfall and
Drought Events on Grassland Ecosystems [J]. Chinese Journal of Plant Ecology. 2014; 38(9):
1008-1018. DOI: 10.3724/SP.J.1258.2014.00095

28. Zhang Y., Xiao X., Guanter L. et al. Precipitation and Carbon-Water Coupling Jointly
Control the Interannual Variability of Global Land Gross Primary Production [J]. Scientific
reports. 2016; 6: 39748.

29. Zhang Y., Xiao X., Zhou S. et al. Canopy and Physiological Controls of GPP during
Drought and Heat Wave [J]. Geophysical Research Letters. 2016; 43(7): 3325-3333.

30. Zhang Yunjie, Gui Chao, Liu Qingsheng et al. Analysis of Vegetation Dynamics on
the Mongolian Plateau from 1982 to 2013 based on Remote Sensing and Meteorological Data [J].
Remote Sensing Technology and Application. 2016; 31(05): 1022—1030.

The article was submitted 08.04.2025; approved after reviewing 22.05.2025; accepted
for publication 20.06.2025.

BPEMEHHASA U TPOCTPAHCTBEHHA I U3MEHUYMBOCTb
BAJIOBOM INEPBUYHOM ITPOJIYKTUBHOCTHU U EE PEAKIU S
HA DKCTPEMAJIbHBIN KJIMMAT B MOHI'OJINH

Jlan Au, Caiunbysn baspcatixan, Menobasp Omeonbasp, bsamoaxyy Ianmymyp,
basuzyn Jlasaaoopoic, Bamcaiixan baspcaiixan, IOxati bao, I'annypes Jawinezyee

Au Jlan

M.Sc.,

kadeapa reorpadun HarronansHOro yHuBepcureta MOHIOITUH
Mowuronus, 14201, r. Ynan-barop, Ux Cyrynuiin rynamx- 1

KITFo4YeBast 1ab0paTopusi JUCTAaHIIMOHHOTO 30HANPOBAHUS
u reorpaduueckoil HHPOPMALMOHHON CHCTEMBI,

Kuraii, Buytpennss Monromnus, 010022, r. Xyx-Xoro
23m1num0278@stud.num.edu.mn

baspcaiixan Caiinbyan

Ph.D., nouenr,

kagenpa reorpadun HannonanesHoro yHusepcurera MoHroamm
Mowronus, 14201, r. Yman-barop, Ux Cyrymuiin rymamx- 1
sainbyan.b@num.edu.mn

Omeonbasp Menobasp

Ph.D.,

kagenpa reorpadun HannonansHoro ynusepcurera MoHroamm
Mouronus, 14201, r. Ynan-barop, x Cyrynuiin rynamx-1
mendbayar@num.edu.mn

Tanmymyp Bambaxyy
Ph.D., nouenr,
kadenpa reorpapun HanmonansHoro yausepcutera MOHTONIUH

47



IIPUPOJIA BHYTPEHHEI A3UU Ne 2(31) 2025
NATURE OF INNER ASIA

Mowronus, 14201, r. Ynan-barop, x Cyrynuiin rynamx-1
byambakhuu@num.edu.mn

Jasaadopoic baauzyn

M.Sc.,

xaenpa reorpadun HarmmonansHOTO YHHBEpCHTETa MOHTOITHHI
Mowronus, 14201, r. Ynan-barop, Ux Cyrynuiin rynamx- 1
22m1num2802@stud.num.edu.mn

FBaspcaiixan bamcaiixan

M.Sc.,

KOJIJIEJK Teorpaduueckux Hayk, [leparorndeckuii yHUBEPCHUTET,
Kuraii, Buytpennsst Monronus, 010022, r. Xyx-Xoto
bbatsaikho0616@gmail.com

bao Oxaui

Ph.D., mpodeccop,

KJIIOYeBast 1a00paTopusi AUCTAaHIMOHHOTO 30HANPOBAHUS

u reorpaduueckoit ”HPOPMALMOHHOM CHCTEMBI;

KOJIIe/pK Teorpaduueckux Hayk, [leparormueckuii yHUBEpCUTET
Kuraii, Bayrpennsst Monronms, 010022, . Xyx-XoTto
baoyuhai@imnu.edu.cn

Lawneayez I'annypes

M.Sc.,

kagenpa reorpadun HanmonansHoro ynusepcurera MoHTroImMn
Mownrommus, 14201, r. Yman-barop, Ux Cyrymmiin rymamx- 1
ganpurev@num.edu.mn

Annomayua. B 3aCyIUTMBBIX U MTOTY3aCyIUIHBEIX 30HaAX MOHTONMNN (OPMHUPYIOTCS HEYCTON-
YHBBIE YKOCHCTEMBI ¢ OOTaThIMU PACTUTEIBLHBIMU PECYPCaMHU, MOABEPIKEHHBIE CUIIEHOMY BIIU-
SIHUIO HKCTPEMAIIbHBIX KIMMAaTHYECKUX SBJICHUHM M MMEIOIINE Ba)KHOE 3HAYCHUE B TII00AIIb-
HOM YIVIEPOHOM IMKJE. B yclioBHsAX MI00aIbHOTO MOTEMIEHHUS BO3PACTAET POIIb U3YUECHUS
M3MEHEHHMsI PACTUTEIBHOCTH JIJIsl 00eCIIeYeHus HKOJIOrnYeckoi Oe3onacHocTH. B aTol crarbe
MIPOaHAU3UPOBAHBI XaPAKTEPUCTHKU MPOCTPAHCTBEHHBIX M BPEMEHHBIX M3MEHEHMH Bajo-
Boi mepBuuHOI npoxykTuBHOCTH (GPP) 1 ee peakius Ha SKCTpeManbHBIC KIMMATHICCKUE
sIBJIIGHUs1 Ha OCcHOBe cBefieHnit GPP ¢ JaHHBIMU O CYTOYHOW MaKCHMalbHOW TemIeparype,
CYTOYHON MHUHHUMAJILHON TeMIlepaType U cyTouHbIX ocaakax Mouromuu ¢ 2000 mo 2023 .
¢ HCIIONBh30BaHUeM aHanu3a Tperaa Sen Slope + Mann-Kendall, recta myranuun MK, meTona
KOppEeJSIMMOHHOTO aHaiu3a IlupcoHa M MoaenupoBaHUs CTPYKTYPHBIX ypaBHeHHH (SEM).
B pesynbrare nccneioBanus nomydeHs! ciaemyromue BeBoss: (1) B mepuonx ¢ 2000 mo 2023 rr.
B MoHTOMMHN OTMEUYCHA TCHICHINS YBEIUUYECHHUS BAIOBOI epBUYHON npoayKkTuBHOCTH GPP.
BonbmmHCTBO paiioHOB ¢ BhICOKMMU 3HaueHusMH GPP pacrnosnioxkeHo B ceBEepHBIX Tropax
Casanenr n XaHrai, a paiioHbI €O 3HaYUTEIBHBIM POCTOM COCTaBILSIIOT 61 % o0mieil mio-
maau uccnexyeMoi obmacty; (2) Manekcs! sxctpemansHbX Temmeparyp (SU, TNx, TNn) u
MHJIEKC KCTPEMaIbHBIX 0CaIKOB R20 1eMOHCTPUPYIOT TEHACHIIMIO K POCTY Ha OOJIBIIUHCTBE
MeTeocTaHnnit MOHTOITNH, B TO BpeMsI Kak JIpyrHe HHACKCHI SKCTPeMaNbHBIX 0caakoB (RSP,
SDII) neMOHCTPHPYIOT TEHIACHIWIO K CHIKEHHUIO; (3) VHAEKCH AKCTpEeMalbHBIX OCAIKOB
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cnocobcrBoBau yBenuuennto GPP B uccnenyemoii obnactu, KpoMe NMPOBUHIMH 3aBXaH.
R20 siBisieTcst 0CHOBHBIM (pAaKTOPOM, BIUSIIOIINM HA POCT PaCTUTEIBHOCTH. MIH/IEKCHI SKCTpe-
ManbHBEIX Temneparyp TNx u SU Ha Tepputopun MoHronuu s Ha ymenbmieane GPP 3a
UCKIIIOYeHHEeM aliMaka XyOcyryi, B kotopoM GPP yBenmuumiace 3a cuer Oonee TEIIoro JIeTa;
(4) R20 n R95P 3HaunTesIbHO BIMSIOT Ha PETYIMPOBAHNE ITPOJYKTHBHOCTH PACTHTEILHOCTH.
Jlpyrue nHAeKChl MOTYT BIMSATH Ha ANHAMUKY 3KOCHCTEMBI KOCBEHHBIMH ITyTSMH HPH CIICHA-
PUAX SKCTPEMAJIbHBIX W3MEHECHUM KJIMMAaTa. Pe3yJ'II)TaTI)I HCCIICAOBAHUA MOT'YT IPCACTABIATH
HAy4HYI0 OCHOBY JUISl 3allIUThl OKpYXKarolled cpeasl MOHTOIUU U 3€JI€HOr0 yCTOMYMBOIrO
pa3BHUTHSL.

Kniouegvie crosa: GPP, skcTpemanbHble KITMMAaTHYECKUE SIBICHUS, SKCTPEMalIbHbIC KIIMMATH-
4eCKUe MHAEKChl, MOHronus.

Hna yumuposanus

BpemeHHas 1 IPOCTPaHCTBEHHAs: M3MEHYMBOCTh BaJIOBOM MEPBUYHOM POITYKTHBHOCTH H €€
peaxiys Ha SKCTpeManbHbI KimuMatr Morrommu / A#t Jlan, baspcaiixan CaitnOysH, OTros-
0asip Meunoasip [u ap.]. // llpupona BayTtpenneit Azuu. Nature of Inner Asia. 2025. Ne 2(31).
C. 30-49. DOI: 10.18101/2542-0623-2025-2-30-49

Cmamuws nocmynuna 6 peoakyuto 08.04.2025; odobpena nocie peyensuposanus 22.05.2025;
npunama k nyoruxayuu 20.06.2025.
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