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Abstract

This study examined the influence of climate variability on vegetation dynamics in Mon-
golia from 2000 to 2024, using ERA5-Land reanalysis data together with the Normalized
Difference Vegetation Index (NDVI) and Gross Primary Productivity (GPP) indicators. The
results show a statistically significant mean annual air temperature increase of 0.94 °C,
with the most pronounced warming occurring in March (>1.5 °C/10 years). Annual pre-
cipitation increased by 32 mm (~13%), mainly in the northern and eastern regions. At the
same time, the maximum NDVI increased at a rate of 0.025 units/10 years, particularly in
the north and east, while no change or slight decline was observed in the central steppes
during May—June. During the study period, the average annual GPP increased by 38%,
from 0.25 to 0.35 kgCm~2, with the highest gains observed in northern forests and eastern
steppes. Correlation analysis revealed that NDVI is most sensitive to temperature in early
spring (r = 0.31) and to precipitation in summer (r = 0.45-0.50). GPP primarily is driven by
temperature in spring (r = 0.68) and by precipitation during summer (r = 0.30). The results
of this study indicate that vegetation productivity in Mongolia is sensitive to seasonal
climate variability, with temperature being the primary factor influencing spring growth
and precipitation controlling summer growth.
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1. Introduction

Research on vegetation dynamics reveals complex interactions between climate change,
human activity, and local ecosystems, particularly in grasslands. Since the 1980s, changes
in grassland biomass have been observed globally, with trends varying by region. A study
combining the satellite-based Normalized Difference Vegetation Index (NDVI) data with
field observations from 84 grasslands across six continents found biomass increases in
warm, moist, and species-rich areas, whereas declines occurred in arid regions with lower
species diversity [1].
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The relationship between NDVI and climate variables (temperature and precipitation)
was analyzed to assess the impact of climate change on vegetation dynamics on the Mon-
golian Plateau from 1982 to 2100 [2]. Results show that NDVI increased until the mid-1990s
but later declined, mainly due to a significant decrease in rainfall. Analysis indicates that
around 66% of the plateau exhibited an upward trend before this shift, but afterward, 60%
showed a decline. Vegetation loss was attributed to rising temperatures and decreased
precipitation [2,3]. Higher temperatures directly impact vegetation by accelerating evapo-
ration and intensifying droughts, while drier conditions also weaken vegetation’s recovery
potential [4]. Nanzad et al. [5] analyzed NDVI data from Mongolia from 2000 to 2016 to as-
sess the impacts of drought on vegetation. The study found that precipitation had a greater
impact on NDVI than temperature. However, the strength of the impact of each factor
depends on the vegetation type [5]. Regression analysis of NDVI data revealed significant
changes in vegetation across half of Mongolia, with variations in latitude. Positive NDVI
changes were more prevalent in northern Mongolia, while negative changes were primarily
observed in the northeast. Results indicate that precipitation changes significantly influence
trend patterns [6].

Enebish et al. [7] linked a sharp drop in NDVI in 1995 to atmospheric circulation
that reduced moisture, as the precipitation zone shifted north of Mongolia. Because
water availability is essential for ecosystem stability, these changes significantly degraded
Mongolian grasslands. Although the decline in climate extremes led to some NDVI growth
in later years, biomass was again lost as livestock numbers increased, leaving the region
highly vulnerable to a return of extreme climate conditions [7].

Climate impacts on vegetation are further intensified by direct human activities such as
overgrazing. Satellite data revealed that 70% of steppe ecosystems in Mongolia are degrad-
ing, with increased livestock grazing being the primary cause of vegetation loss, explaining
up to 80% of the observed degradation in some areas. At the same time, precipitation
changes were also an important factor [8]. X. Meng et al. [9] analyzed NDVI dynamics
from 1982 to 2015 and found that areas of vegetation degradation and growth were roughly
equal, although different vegetation types responded in distinct ways. Research also shows
that while precipitation is the main factor influencing vegetation, livestock quantity is the
primary cause of vegetation changes [9]. However, Miao et al. [10] provided evidence
of Mongolian grassland resilience, showing that from 1982 to 2015, vegetation greening
occurred despite increasing grazing intensity. Adequate rainfall can sustain grassland
productivity under grazing pressure, challenging the view that grazing always causes
degradation [10]. Another study identified regions with stable and unstable vegetation
cover in Mongolia. The taiga and forest-steppe zones were relatively stable due to higher
precipitation and forest cover. In contrast, vegetation varied most in the steppe and desert-
steppe areas, which depend strongly on rainfall [11].

Gross Primary Productivity (GPP) represents the total carbon fixed by plant photosyn-
thesis and is key to understanding terrestrial carbon variability. GPP depends on various
climatic factors, including temperature, precipitation, solar radiation, atmospheric CO, lev-
els, and changes in land cover. Studies show that solar radiation and temperature changes
primarily influence GPP increases at middle and high latitudes. In contrast, shifts in water
availability tend to drive GPP changes at lower latitudes. At high altitudes, GPP variations
are generally shaped by changes in both temperature and moisture conditions [12-14].
Mongolian ecosystems are highly susceptible to environmental changes. Bao et al. [15]
assessed Mongolia’s net primary production (NPP) from 1982 to 2011. The results show
that temperature-limited NPP values were observed in approximately 3.9% of the country,
while precipitation was a limiting factor for 77.5%.
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Studies on the Mongolian Plateau reveal a balanced pattern of GPP increase and
decline, with most decreases occurring in northern Mongolia [13,16]. Water availability
(precipitation, soil moisture, snow water equivalent), temperature, and solar radiation are
identified as the most influential factors. Extreme climate events have smaller impacts than
long-term climate change [13]. Another study showed that the impact of droughts on GPP
varies across vegetation types and seasons, with the most significant effect occurring in
summer and the least in spring [17].

Mongolia’s ecosystems are highly vulnerable to rising temperatures, changes in pre-
cipitation patterns, and intensified land-use pressure, such as overgrazing. Evaluation
of vegetation dynamics, as measured by indicators such as NDVI and GPP, is critical for
assessing the ecological health of Mongolia’s ecosystems in response to climate and an-
thropogenic drivers. In recent decades, Mongolia has experienced rapid warming and
shifts in precipitation patterns, which have significantly impacted vegetation productivity,
particularly in semi-arid regions.

The primary task of this study is to examine the spatial and temporal trends and
the influence of climate factors on vegetation indices (NDVI and GPP) in Mongolia from
2000 to 2024. Unlike most previous studies, which primarily relied on annual values, this
study analyzes monthly data, enabling a more detailed assessment of seasonal vegetation
sensitivity to variations in temperature and precipitation. By integrating MODIS-based
NDVI and GPP data with ERA5-Land reanalysis data, this approach offers a deeper un-
derstanding of how climate change impacts vegetation responses in various regions of
Mongolia. The study also includes an analysis of extreme climate indices and assesses the
delayed response of vegetation, providing new insights into the short-term processes of
vegetation-climate interaction.

2. Data and Methodology
2.1. Study Region

Mongolia is situated in Central Asia’s arid and semi-arid region, characterized by a
strong continental climate, significant altitude variation, and a diverse range of natural
areas, including steppes, deserts, and mountains [18]. The landscape of Mongolia is
distinguished by the Altai Mountains in the west and north, rolling plateaus in the central
and eastern parts, and the Gobi Desert in the south. The mean altitude of Mongolia is
1580 m. Forests in the northern part of the country gradually transform into steppes in the
center, which are followed by semi-deserts, and finally the Gobi Desert in the south.

According to the Koppen—Geiger climate classification, Mongolia is classified under
continental climate zones, which include arid desert (BWk) and steppe (BSk) climate types
in the south and east, as well as subarctic (Dwb and Dwc) climate in the north [19]. The
desert climate (BWKk) is found in the Gobi Desert region, where summers are arid and
hot, while winters are cold and arid. The steppe climate (BS) prevails in the northeastern
and central parts of the country. There is more precipitation than in the desert, though
droughts are intense. The subarctic climate, characterized by cold winters (Dw), is typical
of northern Mongolian regions and mountainous areas, where long cold spells and snow
cover are common in winter. However, the snow depth is small due to the low precipitation
amount [20].

Between 1940 and 2022, Mongolia’s near-surface temperature rose by 2.4 °C, with
increases in some areas exceeding 3.0 °C. Winter temperatures have risen by 3.2 °C, while
summer temperatures have increased by 1.6 °C. The number of hot days (above 30 °C) has
increased, while the number of cold days (below 0 °C) has decreased [21]. The annual mean
precipitation shows a slight overall increase. Although precipitation levels were above
average in recent years (2012-2013, 2016, 2018, and 2020), a decreasing trend of 10-30 mm
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has been observed in central Mongolia, with slight increases in other areas. While cold-
season precipitation has increased by 19% from 1940 to 2022, warm-season precipitation
has shown no significant trend. Since the 1990s, Mongolia has also experienced more
frequent droughts and severe dzuds [21], including an especially severe dzud in 2024 that
had a devastating impact on livestock and rural livelihoods. Climate change and extensive
land degradation have contributed to a prolonged drying trend in Mongolia, where over
75% of the land is affected by drought and desertification [22].

2.2. Datasets

In this study, we used MODIS (Moderate Resolution Imaging Spectroradiometer) data
to determine changes in the Normalized Difference Vegetation Index (NDVI) and Gross
Primary Production (GPP) in Mongolia. Although newer satellites have instruments with
higher spatial and radiometric resolution, MODIS offers a long-term, homogeneous data
record (dating back to 2000) that is well suited for climate-related analysis. Both NDVI
and GPP datasets (MOD13A2 and MOD17A2HG) were acquired using NASA’s Earthdata
portal (https:/ /www.earthdata.nasa.gov/data/catalog, accessed on 8 February 2025).

MOD13A2 (version 6.1) product provides a 16-day NDVI composite with a 1 km spatial
resolution [23]. NDVI helps quantify green vegetation and is sensitive to the chlorophyll
absorption of the red portion of the electromagnetic spectrum. The values of the NDVI
range from —1 to 1. Negative values of NDVI (values approaching —1) correspond to water.
Values close to zero (—0.1 to 0.1) generally correspond to barren rock, sand, or snow. Low,
positive values represent shrub and grassland (approximately 0.2 to 0.4), while high values
indicate forests (close to 1). In a temperate climate, NDVI varies according to the seasons,
being high during the active vegetation season and low during the cold season or during
droughts.

GPP is the total amount of carbon dioxide absorbed by the photosynthetic plants per
unit time through the reduction of CO, into organic compounds. MODIS GPP product
(MOD17A2HG, version 6.1) is based on the radiation use efficiency concept, and it depends
on the fraction of photosynthetically active radiation (400-700 nm) absorbed by green
vegetation [24]. GPP calculation integrates the geographic and seasonal variability of day
length, temperature, daily cloud cover, atmospheric water deficit, and conversion factors
for photosynthetically active radiation for different plant types.

Temperature and precipitation data were acquired from the ERA5-Land reanalysis
project [25]. ERA5-Land is a spatially enhanced version of the ECMWF ERAS climate
reanalysis, which has been produced by replaying the land component of the model [26].
In this study, we used hourly temperature and precipitation data provided at 0.1° x 0.1°
spatial resolution from 2000 to 2024. Data were downloaded from the Copernicus Climate
Data Store (https://cds.climate.copernicus.eu/datasets, accessed on 12 February 2025).
We used hourly minimum, maximum, and mean temperatures to derive daily values and
the total precipitation. Previous studies showed that ERA5-Land reanalysis data match in
situ observations well and can reliably capture regional climate trends [27-29]. In general,
larger biases are observed over complex terrain due to altitude differences between ERA5-
Land grid cells and ground-based observations [27,28]. Therefore, we consider ERA5-Land
temperature and precipitation data suitable for assessing climate trends and their impacts
on vegetation in Mongolia.

2.3. Climate Indices and Their Relationship with NDVI and GPP

Daily meteorological data were used to calculate extreme climate indices to quantify
different meteorological phenomena in the study region. We used climate indices developed
and recommended by the Expert Team for Climate Change Detection, Monitoring, and
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Indices (ETCCDMI) [30,31]. We calculated 10 monthly temperature and precipitation
indices: freezing degree days (FDD), growing degree days (GDD), maximum precipitation
amount over 5 days (RX5Day), wet spell total length (WSTL), number of warm and dry days
(WADD), mean daily temperature range (DTR), consecutive dry days (CDD), days with
maximum temperature below the 10th percentile (TX10P), days with minimum temperature
above the 90th percentile (TN90P), and maximum consecutive summer days (CSU). Indices
were calculated using the Python xclim library (version 0.57.0) for climate services. A
detailed description of the indices and the specific values selected for the region is provided
in Table 1.

Table 1. List of the 10 selected climate indices that were used in this study.

Climate Index Abbreviation Description
. Cumulative sum of temperature degrees for
Freezing degree days FDD the mean daily temperature below 0 °C
. Cumulative sum of temperature degrees for
Growing degree days GDbD the mean daily temperature above 5 °C
The .hl.ghe.St The highest precipitation amount
precipitation amount RX5Day - .
accumulated over a 5-day moving window
over 5 days
Consecutive sum- Maximum number of consecutive days with
CSsu . . °
mer days maximum daily temperature above 25 °C
Number of warm and Number of days where the mean
drv davs WADD temperature is above the 75th percentile and
yaay precipitation is below the 25th percentile
Mean daily tempera- DTR Mean diurnal temperature range
ture range
Consecutive dry days CDD Max1mum n.um.ber of consecutive dry days
(total precipitation < 1 mm)
Total number of days in wet periods. The
total precipitation amount has to be >10
Wet spell total length WSTL mm, and the duration of the wet spell has to
be >3 days
Days with very TNOOP Number of days with daily minimum
warm nights temperature over the 90th percentile
Very cold days TX10P Number of days with daily maximum

temperature below the 10th percentile

The results presented in this study cover the period from 2000 to 2024. MODIS-
based variables (NDVI, GPP) and temperature and precipitation data from ERA5-Land
reanalysis data have different spatial and temporal resolutions (Table 2). To ensure spatial
homogeneity, all datasets were resampled to the ERA5-Land grid (0.1° x 0.1°) resolution.
NDVI product (MOD13A2) was upscaled using the spatial average method, while GPP
product (MOD17A2HG) was resampled using the median method.

Table 2. Satellite and climate data were used in the study.

. Spatial Temporal
Dataset Variables Resolution Resolution
MOD13A2 Normalized Difference 1 km 16 day composite
(version 6.1) Vegetation Index (NDVI) (from 18 February 2000)
MOD17A2HG  Gross Primary Produc- 500 m 8 days composite
(version 6.1) tion (GPP) (from 1 January 2000)
ERA5 Land Mean, min, and max 0.1° x 0.1° Hourly

Reanalysis temperature, precipitation (2000-2024)
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After spatial upscaling, all datasets were resampled to monthly composites. GPP was
aggregated to monthly totals, while for NDVI, we used the maximum value composite
approach [32]. For ERA5-Land reanalysis data, hourly values were first aggregated to the
daily resolution. Then, daily data were used to calculate monthly climate extreme indices
and to derive monthly precipitation totals, as well as minimum, maximum, and mean air
temperatures for each grid cell.

Long-term trends were assessed using non-parametric Sen’s slope estimator, and their
statistical significance was tested with the Mann-Kendall test (p-value < 0.05). The rela-
tionship between variables (precipitation and mean temperature) and ecosystem indicators
(GPP and NDVI) was analyzed using the Pearson correlation coefficient. Correlations were
calculated for the same-month values and with a one-month lag between temperature,
precipitation, and NDVI (or GPP). For all correlation analyses, the p < 0.05 threshold was
used to identify statistically significant relationships.

3. Results
3.1. Changes in Annual Mean Values

In Mongolia, there are large spatial differences in the mean annual air temperature:
in the south, in the Gobi Desert region, the annual mean is above 6 °C, while in the Altai,
Khangai and other mountains it is below —6 °C (Figure 1a). Based on the ERA5 Land
reanalysis data, the territorial mean annual air temperature from 2000 to 2024 increased
by 0.94 °C (Figure 1c), and this change was statistically significant (p < 0.05). Almost all of
the territory (99%) experienced an increase in mean temperature, except for some small
mountain areas in the northern and western parts of the country (Figure 1b). These negative
changes were statistically insignificant and fell within the range of natural variation. The
highest and statistically significant changes (exceeding 0.6 °C/10 years) were observed in
the slopes of the Khangai and Altai mountains. Significant changes (0.4-0.6 °C/10 years)
were also observed in the Gobi Desert and the eastern part of the country, specifically in the
Dornod region. However, in some periods, strong negative temperature anomalies were
recorded in the study area. Between 2009 and 2012, Mongolia experienced a series of cold
anomalies in winter due to more frequent cold outbreak events. These phenomena were
caused by a deepening tropospheric trough in Central Eurasia and increased northern cold
air advection into Mongolia [33].

During the period from 2000 to 2024, the mean annual precipitation sum in Mongolia
was 260 mm according to ERA5 Land reanalysis data (Figure 1d). The highest annual pre-
cipitation sum was recorded in 2003 (322 mm), and the lowest in 2017 and 2022 (217 mm)
(Figure 1f). The annual precipitation sum increased by 32 mm (13%) during the investi-
gation period, but this change was not statistically significant. Additionally, precipitation
changes in Mongolia are not spatially homogeneous: a positive trend was detected in 72.7%
of the territory, and a negative trend in 27.3%. The increase in total annual precipitation was
observed in the northern and eastern parts (30—40 mm /10 years), with the most significant
changes determined in the Khentii mountain area and Menen steppe (>50 mm /10 years)
(Figure 1e). The decrease in total annual precipitation (—10 mm/10 years) was observed in
the Gobi Desert and the Great Lakes basin (Figure 1e), but these changes were statistically
insignificant.

The spatial distribution of annual maximum NDVI closely follows the Koppen-Geiger
climate regions. The highest NDVI values in Mongolia are observed in the north and
Numrug region in the east (Figure 1g). These regions have enough precipitation to maintain
a higher concentration of biomass (Figure 1d). The lowest NDVI values were observed in
2007 (0.3), and the highest in 2018 and 2024 (0.41). During the study period from 2000 to
2024, mean maximum NDVI values exhibited a statistically significant increasing trend
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(Figure 1i), with a mean rate of 0.025 per 10 years. An increasing NDVI trend was observed
in 92.5% of Mongolia, and 7.5% of the territory exhibited negative NDVI trends (Figure 1h).
The increasing trends were statistically significant across all vegetated areas, particularly in
forest and steppe regions.
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Figure 1. Spatial distribution and observed trends in air temperature, precipitation, NDVI, and GPP
across Mongolia from 2000 to 2024. Areas with statistically significant trends (p < 0.05) are marked
with circles. Panels: (a) mean annual air temperature; (b) change rate of annual air temperature (°C
per 10 years); (c) air temperature variation and trend significance; (d) mean total annual precipitation;
(e) change rate of annual precipitation (mm per 10 years); (f) precipitation variation and trend
significance; (g) mean maximum NDVI; (h) NDVI change rate (NDVI per 10 years); (i) NDVI
variation and trend significance; (j) mean annual GPP; (k) change rate of total annual GPP (kgCm 2
per 10 years); (1) GPP variation and trend significance.

The average annual GPP in Mongolia during the study period was 0.30 kgCm 2. The
spatial distribution of GPP accurately reflects prevailing terrestrial biomes in the country:
from nearly zero in the Gobi Desert to over 0.7 kgCm 2 in the forested areas of northern
Mongolia and in Numurg National Park in the easternmost part of the country (Figure 1j).
From 2000 to 2024, average annual GPP increased by 38%, from around 0.25 to 0.35 kgCm 2
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(Figure 11). The lowest average GPP value was recorded in 2007 (0.24 kgCm~2), a year that
also saw the highest average annual temperature. The highest GPP value (0.38 kgCm~2)
was recorded in 2024, coinciding with an unusually high amount of rainfall. The fastest
increase rate of GPP (>0.8 kgCm 2 /10 years) was observed in the northern forested areas
and eastern steppes. The decrease in GPP was determined in only 2.4% of the territory:
in the Great Lakes Basin region and at the edges of the Gobi Desert (Figure 1k), but these
changes were statistically insignificant.

3.2. Changes in Monthly Mean Values

Although the annual mean temperature in Mongolia has increased from 2000 to 2024,
the changes were not uniform across different months. Cold winter and spring months
(December—April) showed increasing air temperature trends, with positive changes ob-
served across 71-100% of the country, although not all of them were statistically significant
(Figure 2a). The most prominent changes (1.5-2.0 °C/10 years) were found in March,
and this temperature increase was statistically significant in 65% of the country’s territory
(Figure 2a). During the warm season (May-September), minor negative temperature trends
(less than —0.5 °C per 10 years) were observed in some northern and eastern regions,
coinciding with increased precipitation in these areas (Figure 2a). Statistically significant
negative trends occurred only in August, affecting about 2.1% of Mongolia’s eastern steppe
region (Figure 2a).

Over the study period, changes in monthly precipitation were temporally and spatially
inhomogeneous. During the cold season, from October to March, precipitation trends were
mainly negative, but changes were small (less than —4 mm /10 years) (Figure 2b). How-
ever, due to the extremely low precipitation in winter months (with December-February
totals not exceeding 10 mm in many areas of the country), even minor absolute changes
(decrease by 2—4 mm) in some areas were statistically significant. In April and May, some
regions of Mongolia’s central and eastern parts had a larger precipitation decrease (by 8-
12 mm/10 years); however, this decreasing trend was significant only in 8% of the territory
(Figure 2b). The increase in precipitation is notable mainly in July and August (the months
with the highest precipitation amount), with significant positive trends (>20 mm/10 years)
observed in the northern and eastern regions of the country (69-86% of territory). Our
observed trends differ slightly from those of other studies, primarily due to the shorter
study period (2000-2024). The Fourth National Communication of Mongolia reported
that precipitation in the cold season has increased, while precipitation in the warm season
showed no significant trend from 1940 to 2022 [21].

When analyzing NDVI changes in different months, the largest areas with statistically
significant increases (79-94% of the territory) were identified in March-April and July-
October (Figure 2c). However, these changes are not homogeneous across Mongolia. In
March and April, a statistically significant increase in NDVI (0.12-0.18 units per 10 years)
was observed in Gobi and northern forests, while in central steppes, a slight decrease was
determined (—0.1 units per 10 years) (Figure 2c). Negative, but statistically insignificant
NDVI changes in the central part of the country were also observed in May and June (24-30%
of the territory). The highest statistically significant increase in NDVI values (0.32-0.39 per
10 years) was observed in July-September in the north and east parts of Mongolia (Figure 2c).
The spatial distribution of the observed positive NDVI changes closely follows (r = 0.41-0.49)
the spatial patterns of precipitation increase during these months (Figure 2c).
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Figure 2. Trends of monthly mean variables in Mongolia from 2000 to 2024: (a) air temperature (°C
per 10 years); (b) precipitation (mm per 10 years); (c¢) NDVI (NDVI units per 10 years); and (d) GPP
(kgCm~2 per 10 years). Areas with statistically significant trends (p < 0.05) are marked with circles.

Due to harsh climate conditions from October to April, GPP values across the country
remain very low, with monthly values not exceeding 0.02 kgCm 2. The active vegetation
season begins in May, and GPP starts to increase in the north, while in the central steppes, this
rise is typically delayed until June. Maximum GPP values occur in July (0.23-0.27 kgCm~2),
coinciding with the highest temperatures and precipitation sums. There is a positive
correlation (r = 0.65) between precipitation and GPP trends in July, and a strong negative
correlation (r = —0.72) between temperature and GPP trends in August. This suggests that
changing climate conditions have a substantial impact on GPP during the summer months.

During the study period the highest increase in GPP (more than 0.03 kgCm~2/10 years)
was determined in summer months in the northern forests and eastern steppes, and these
changes were statistically significant in 28-69% of the study area (Figure 2d). Smaller but
still statistically significant GPP trends (0.01 kgCm~2 /10 years) were observed in September-
November in some central and eastern regions of the country (9—22% of territory) (Figure 2d).
In May, June and September some locations in central and west part of the country had a
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slight negative GPP trend (less than —0.03 kgCm ™2 /10 years), but these changes were not
statistically significant.

3.3. Relationship Between NDVI and Different Climate Indices

Analysis of correlation coefficients between NDVI and different climate indices shows
that vegetation conditions in Mongolia are strongly influenced by weather conditions from
April to September (Figure 3). At the beginning of the vegetation season, the strongest
relationship was found between NDVI and mean temperature (T2M). In March, this re-
lationship is only evident in Numrug National Park in the eastern part of the country
(Figure 3). In April, it becomes noticeable in the whole of Mongolia with a median corre-
lation coefficient (r) of 0.31 (Figure 4a). Another important climate index in April is FDD,
but it has a negative relationship with NDVI (r = —0.31) (Figure 4c). These relationships
suggest that vegetation conditions in Mongolia in April are most sensitive to the mean
temperature and frequency of cold snaps, which can cause frost damage to vegetation. In
May, some regional differences start to emerge. There is a moderate correlation between
NDVI and T2M in the Khangai and Kenti mountains (r > 0.4) (Figure 3). In contrast, in
the steppes of the eastern part of the country, NDVI exhibits a stronger relationship with
monthly precipitation amount (TP) (r > 0.2). Correlation with temperature indices in this
region is low and starts to become negative. For example, DTR in this region has a weak,
yet statistically significant negative correlation (r = —0.08) (Figure 3).

As the vegetation season progresses into the summer, the relationship of NDVI and
temperature turns to negative (r < —0.30)-higher T2M, DTR, and CSU values reduce
vegetation greenness in Mongolia (Figure 4). This negative correlation is stronger in central
and eastern steppes of the country (Figure 3). In summer NDVI becomes sensitive to the
daily temperature range, with median correlation with DTR more negative than —0.45
(Figure 4j). Number of very cold days (TX10P) during the summer has a positive effect
on NDVI (r = 0.36, in July) (Figure 4h). At the same time precipitation becomes the main
factor influencing NDVI. In June-August, the correlation between NDVI and TP is 0.45-0.50
(Figure 4b). The impact of lack of precipitation on NDVI is most evident in July, when CDD
has the highest negative correlation (r = —0.37) (Figure 4g). The strong relationship with
summer precipitation was very evident in 2018 and 2002. In July and August 2018, high
precipitation totals (70-80 mm) were observed, followed by the highest monthly average
NDVI recorded during the study period (0.40). In 2002, the situation was opposite—the
summer months were dry, with only 24-44 mm of precipitation, which was the main factor
contributing to the lowest August NDVI value observed (0.28).

In September, the relationship between the NDVI and climate extreme indices exhibits
the same patterns as in summer (Figure 3). A moderate negative correlation is observed
with DTR (r = —0.38), and a positive correlation is found with TP (r = 0.37). However, in
September, the relationship with temperature (T2M, TX10P, TN90P) becomes insignificant
(Figure 4).

In the eastern steppes of Mongolia, the strongest correlation was observed between
NDVI and RX5Day (r = 0.40). This relationship continues into October, but the correlation
becomes weak (r = 0.14). In October, the highest correlation (r = 0.23) was found between
NDVI and 1-month lagged precipitation (Figure 4b). This relationship is significant pri-
marily in the grasslands of eastern and south-eastern Mongolia. The delayed response
likely reflects a soil-moisture storage effect, whereby rainfall from the previous month
infiltrates the soil and is retained as available moisture, supporting vegetation greenness
and photosynthetic activity in the following weeks.
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Figure 3. Spatial distribution of the correlation coefficients between NDVI and four climate variables:
mean air temperature (T2M), diurnal temperature range (DTR), total precipitation (TP), and max-
imum 5-day precipitation (RX5Day) for March—October. Only statistically significant correlations
(p < 0.05) are shown. Correlations for November-February are omitted due to weak or insignificant
relationships.

During the cold season (November—February), no significant relationships were found
between NDVI and climate indices. In winter, the active vegetation season comes to a
halt, and the NDVI in most of the country approaches zero. Throughout the year, we did
not find any significant relationships between NDVI and 1-month lagged temperature or
precipitation indices (Figure 4). Our results suggest that vegetation in Mongolia responds
quickly to changing weather conditions, and the impact does not seem to extend to the
following months.



Atmosphere 2025, 16, 1307

12 of 21

Correlation

Correlation

Correlation

(@)

M

(c) FDD (d) GDD

(e)

RX5Day

w  wsm @ Db (m  TXwoP

TN9OP

1)) DTR (k) csu (1 WADD

123456789101112 12 3 4567 8 9101112 1 2 3 456 7 8 9101112 1 2 3 456 7 8 9101112

Month

Month Month Month

E Same month B 1 month lag

Figure 4. Correlation between NDVI and different climate variables and indices: (a) temperature
(T2M); (b) precipitation (TP); (c) freezing degree days (FDD); (d) growing degree days (GDD); (e) high-
est precipitation amount over 5 days (RX5Day); (f) wet spell total length (WSTL); (g) consecutive
dry days (CDD); (h) very cold days (TX10P); (i) days with very warm nights (TN90P); (j) daily
temperature range (DTR); (k) consecutive summer days (CSU); (1) number of warm and dry days
(WADD). Blue boxplots show correlations for the same month, and green boxplots show correlations
between NDVI and climate indices from one month before. Dotted lines mark the thresholds of
moderate correlation (Irl > 0.30).

3.4. Relationship Between GPP and Different Climate Indices

GPP is sensitive to variations in precipitation and temperature. In Mongolia, during
spring, GPP shows the strongest positive correlations with temperature. In March, tem-
perature (T2M) has a positive impact on GPP only in the eastern part of the country and
in the transition region between Gobi Desert and central steppes (Figure 5). In April and
May T2M and GDD have a moderate correlation with GPP (r > 0.50) in whole country,
except mountain and desert areas (Figure 5). In April GPP is determined mainly by the
temperature indices: T2M (r = 0.68), GDD (r = 0.57), FDD (r = —0.56) (Figure 6a,c,d). In
the spring months, precipitation indices do not exhibit a significant relationship with GPP.
Only in very limited areas in eastern Mongolia, in March and April, TP has a statistically
significant, but negative impact on GPP (r < —0.21) (Figure 5). These findings suggest that
in spring, when there is a high chance of snow or mixed precipitation, it can negatively
impact the growth of the biomass in steppes.
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Figure 5. Spatial distribution of the correlation coefficients between GPP and four climate variables:
mean air temperature (T2M), diurnal temperature range (DTR), total precipitation (TP), and max-
imum 5-day precipitation (RX5Day) for March-October. Only statistically significant correlations
(p < 0.05) are shown. Correlations for November-February are omitted due to weak or insignificant
relationships.

In summer, the relationship between GPP and temperature indices in Mongolia becomes
negative. The highest negative correlation was determined with CSU and DTR (r = —0.23
to —0.38). This indicates that vegetation biomass growth is negatively impacted by the
prolonged periods of high temperatures (>25 °C) and high daily temperature amplitude
(Figure 6j,k). However, there are some regional differences. In the mountain areas GPP is
positively related to the T2M (r > 0.50), while in the steppes it has a significant negative
correlation (r < —0.45) (Figure 5). Precipitation indices (TP, RX5Day, WSTL) in summer
exhibit a positive effect on GPP (r = 0.23-0.35) (Figure 6b,e,f).

The highest GPP values in Mongolia are observed in July, and during the study period
ranged from 0.06 kgCm~2 in 2007 to 0.11 kgCm 2 in 2021. The main factors influencing
July GPP values are precipitation and mean temperature: in 2007, the mean temperature
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was 20.8 °C with only 46 mm of precipitation, while in 2021, the mean temperature was
19.5 °C and precipitation reached 73 mm. These two examples illustrate that GPP responds
differently to variations in temperature and precipitation, highlighting their combined
influence on vegetation productivity.
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Figure 6. Correlation between GPP and different climate variables and indices: (a) temperature (T2M);
(b) precipitation (TP); (c) freezing degree days (FDD); (d) growing degree days (GDD); (e) highest
precipitation amount over 5 days (RX5Day); (f) wet spell total length (WSTL); (g) consecutive dry days
(CDD); (h) very cold days (TX10P); (i) days with very warm nights (TN90P); (j) daily temperature
range (DTR); (k) consecutive summer days (CSU); (1) number of warm and dry days (WADD). Blue
boxplots show correlations for the same month, and green boxplots show correlations between GPP
and climate indices from one month before. Dotted lines mark the thresholds of moderate correlation
(Irl > 0.30).

In September, the spatial distribution of statistically significant correlation coefficients
between GPP and climate indices is similar to summer months (Figure 5). However,
temperature-based indices (T2M, TN90P, WADD) begin to show positive correlations with
GPP, while the relationship with TP starts to diminish (r = 0.0-0.1) (Figure 6). In October, the
relationship between GPP and climate indices in Mongolia is very similar to that in April.
There is a strong correlation with T2M (r = 0.70) and FDD (r = 0.65) (Figure 6a,c). The main
difference is that GPP in October has a positive relationship (r = 0.25) with 1-month lagged
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precipitation (TP) (Figure 6b). This lag reflects vegetation and soil “memory,” as stored soil
moisture and residual heat from the previous month continue to support photosynthesis in
late season [34].

While no significant relationship was found between NDVI and 1-month lagged
climate indices, GPP exhibited a stronger dependence on the climatic conditions of the
preceding month. GPP in May shows moderate correlation with 1-month lag T2M and
TNOOP (r > 0.42) (Figure 6a,i). A similar pattern is also observed in June, with a significant
correlation between GPP and the previous month T2M and GDD (r > 0.32) (Figure 6a,d). The
highest impact of the previous month’s precipitation conditions was determined in October
(r = 0.25). GPP often responds to climate conditions with a one-month lag, as soil moisture
and accumulated heat from the previous month continue to influence photosynthesis and
canopy activity [35,36].

4. Discussion

Our study results reveal the impact of climate change on Mongolia’s ecosystems
from 2000 to 2024. We determined increasing trends in mean annual temperature, mean
maximum NDVI, and total GPP, while precipitation did not show a statistically significant
trend. Some of these findings are consistent with previous studies, which reported an
increase in temperature and NDVI [9,10]. However, our observed trends in GPP and
precipitation differ from some earlier results, possibly due to differences in study periods,
data sources, or spatial coverage. By extending the analysis to 2024, this study provides
new insights into the seasonal and spatial variability of vegetation responses, particularly
under recent climate extremes such as the 2023-2024 dzud event. A dzud is a severe winter
event characterized by extreme cold and heavy snowfall that restricts pasture access and
causes widespread livestock losses [37].

For the first time in the Mongolian context, a set of ten ETCCDMI extreme climate
indices has been applied, allowing the assessment of the impact of average and extreme
temperature and precipitation fluctuations on vegetation. The study also showed that GPP
is more sensitive to conditions in the previous month, revealing a delayed response in
dry ecosystems. Overall, our results indicate that vegetation productivity in Mongolia is
shaped not only by average climate conditions but also by extreme climate events, with
their impact varying by season and region.

There are several limitations and uncertainties in our analysis. NDVI may become
saturated in densely vegetated areas, potentially underestimating high biomass levels.
ERA5-Land data can slightly overestimate precipitation in mountainous regions and under-
estimate local extremes. This may be attributed to the algorithm used in ERA5 reanalysis
data to recalculate precipitation at different altitudes. Our annual precipitation totals in
Mongolia were approximately 10-15% higher than the mean precipitation amount calcu-
lated using ground station data [21,22]. While the ERA5-Land data tend to overestimate
precipitation, this bias has a minimal effect on the correlations observed, as the analysis
is based on relative, not absolute, values. It is also important to note that bias is partially
offset by the fact that ground stations often underestimate precipitation amounts due
to methodological issues and technical measurement errors [28]. The actual difference
between reanalysis and station data may be smaller than nominally presented, confirming
the suitability of ERA5-Land for long-term trend analysis. Another limitation of this study
is that spatial autocorrelation was not explicitly accounted for in the correlation analysis
between climate variables, NDVI, and GPP. As neighboring grid cells often share similar
climatic and vegetation characteristics, this spatial dependence may lead to slightly inflated
significance levels (p < 0.05) [38]. Nevertheless, the observed spatial patterns are consistent
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with regional climatic gradients and provide meaningful insights into climate-vegetation
interactions across Mongpolia.

We determined an increasing annual GPP trend with a rate of 0.04 kgCm 2 per 10 years.
This agrees with the change rate reported by Chen et al. [30]; however, other studies have
shown mixed trends in GPP across the broader Mongolian Plateau region [16,31]. These
apparent inconsistencies are mainly related to differences in the spatial domain, time period,
and GPP products used. For example, Zhao et al. [16] analyzed the Mongolian Plateau
(1982-2018) using GPP derived from the EC-LUE model [32], where 51% of the area exhibited
decreasing trends and 49% showed increasing trends, with most of these changes being
statistically insignificant. Similarly, Bai et al. [31] used the GLASS GPP product, also based
on the EC-LUE model, and found spatially mixed patterns without a clear overall trend.

In contrast, our study focuses on Mongolia proper and covers a more recent period
(2000-2024), including several exceptionally wet and warm years (2019-2024) that strongly
influenced vegetation productivity. The exceptionally high GPP values in 2024 were
likely driven by abundant precipitation and the severe 2023/2024 dzud winter, which
reduced livestock numbers by 12.6% [35] and temporarily reduced grazing pressure on
grasslands. Overall, differences among studies are primarily attributable to variations in
spatial extent, temporal coverage, and data sources, rather than fundamental discrepancies
in the underlying vegetation dynamics.

It was found that NDVI and GPP values increased across many northern and eastern
regions, which is largely consistent with previous studies [6,13,39]. Our results highlight a
strong positive correlation between summer precipitation and vegetation indicators (NDVI,
GPP), which aligns with the findings of Bao et al. [15] and Bai et al. [17] regarding the
significance of water availability for vegetation dynamics in semi-arid regions. Higher
temperatures increase evapotranspiration, leading to surface and soil water loss and im-
posing limitations on photosynthesis due to water stress [40]. As a consequence, it also
reduces vegetation productivity, especially in steppes, where excess heat causes moisture
deficiency. While increasing temperatures in spring and autumn extend the growing season,
plant water stress caused by higher evapotranspiration may reduce the growth potential of
biomass [41,42].

While many studies on vegetation health and biomass changes in the region focus
on annual values [5,16,31,36,40], we analyzed monthly means and trends to better capture
seasonal vegetation responses to climate variability. By combining satellite-based vege-
tation data with detailed climate information, we could assess the short-term effects of
temperature and rainfall that other studies often overlook. This approach provides a clearer
understanding of how vegetation productivity varies throughout the growing season under
different climatic conditions.

A monthly temporal scale revealed that NDVI and GPP trends, as well as their rela-
tionships with climate indices, vary across seasons and provinces. Between March and
May, we observed statistically significant negative trends in the NDVI in certain central and
eastern parts of Mongolia. From July to September, we observed significant positive NDVI
trends in the same regions. Our results conflict with those of Bao et al. [3], who reported a
decreasing trend in NDVI in steppes during summer months and an increasing trend in
April from 1982 to 2010. They also reported monthly temperature and precipitation trends
that were opposite to our analysis. These differences arise from different study periods and
from the use of non-identical datasets. We used climate variables derived from ERA5 Land
reanalysis data, while Bao et al. [3] used in situ data from 60 meteorological stations across
Mongolia.

Chen et al. [43] hypothesized that GPP in the Mongolian Plateau was not affected by
the length of the growing season, but our results show a strong correlation between GPP
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and T2M and DTR in April and October. This indicates that a longer growing season can
have a positive impact, and we found a statistically significant increase in GPP in September
and October. However, the GPP increase in spring and autumn may have only a marginal
effect (<30%) on the total annual biomass growth, as the majority of biomass in the region
is produced in summer [44]. The most pronounced statistically significant increases in GPP
were observed during July and August, and this trend was consistent across Mongolia.
We determined a strong correlation between GPP and precipitation during the summer
months, and the spatial distribution of trends of these variables matches well. These
findings confirm the results from other studies [15,17,44,45], that precipitation is the main
limiting factor for biomass growth in summer.

Our results on the positive relationship between temperature indices and NDVI align
with a study by Bao et al. [3], who reported a positive relationship between NDVI and tem-
perature in April and May, and a negative relationship in July and August. However, Bao
et al. [3], reported that NDVI positively correlates with temperature in June and September,
while we observed a negative relationship. This discrepancy may be related to accelerating
climate change, which has caused a rapid increase in mean spring temperatures and a
longer growing season from 2000 to 2024. As a result, the limiting factor for NDVI in June
and September becomes precipitation. The relationship between NDVI and precipitation,
as determined in our study, agrees with the results from Bao et al. [3], which show a positive
correlation between precipitation and NDVI from May to September. While Bao et al. [3]
reported a positive correlation between 1- and 4-month lagged precipitation and NDVI,
we did not determine any significant relationship between NDVI and 1-month lagged
climate variables. Our study revealed a relationship between 1-month lag precipitation and
GPP (especially in October), which is consistent with other studies that suggest vegetation
growth is linked to water availability in previous periods [46—48].

In our study, we employed 10 different climate indices to examine whether extreme
events have a higher impact on the NDVI and GPP than the mean monthly temperature
and precipitation. However, results show that T2M and TP have a higher correlation with
the vegetation indices than all other climate indices used in this study. While extreme
climate indices are important for understanding climate change trends in Mongolia, mean
temperature and precipitation are sufficient to explain the long-term monthly and annual
trends of NDVI and GPP.

The results showed that in spring, NDVI and GPP depend most on temperature, while
in summer, they rely most on precipitation, reflecting a clear seasonal differentiation in
the impact of climate. The northern and eastern areas, where the increase in precipitation
was greatest, recorded the most significant growth in GPP, while the changes in the central
steppes were weaker.

Our results suggest that GPP is more sensitive to the conditions of the previous month
than NDVI. The sensitivity of GPP to the meteorological conditions of the previous month
indicates a delayed response of ecosystems to climate fluctuations. Our results indicate a
more pronounced increase in summer productivity from 2018 to 2024, which is associated
with wetter conditions. These data emphasize that the productivity of Mongolian vegetation
is strongly dependent on seasonal water availability and its variability in the context of
climate change.

While this study focused on GPP and NDVI trends and their relationships with
temperature and precipitation indices, not all spatial and temporal variations in Mongolia’s
vegetation can be explained solely by the climate conditions. Vegetation changes are also
influenced by anthropogenic factors such as overgrazing and soil degradation. Future
research integrating climatic, land-use, and livestock distribution data would help better
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distinguish the relative contributions of climate and human activities to variations in NDVI
and GPP.

5. Conclusions

In this study, we examined changes in Mongolia’s climate and vegetation from 2000 to
2024 and investigated how different climate indices impact monthly and annual NDVI and
GPP values. The results show that the mean annual air temperature increased by 0.94 °C
during the study period. The strongest, statistically significant warming was observed in
March, with a warming rate exceeding 1.5 °C per decade. During the investigation period,
annual precipitation increased by approximately 13%, with the most notable increases in
July and August in northern and eastern regions. However, precipitation trends were not
statistically significant nationwide.

Maximum NDVI values showed a statistically significant increase of 0.025 NDVI units
per decade, with absolute values rising from 0.30 in 2007 to 0.41 in 2018 and 2024. Increases
were highest in the north and east of Mongolia, spatially aligning with regions of increased
summer precipitation. GPP increased by 38%, from approximately 0.25 kgCm 2 in the
early 2000s to 0.35 kgCm~2 in 2024. The highest monthly GPP was recorded in July, and the
strongest rate of increase (over 0.08 kgCm 2 per 10 years) occurred in the northern forests
and eastern steppes. NDVI showed moderate correlation with the mean temperature in
March—April and precipitation during June-August. GPP showed the highest correlation
with the analyzed temperature indices in April and with precipitation in the summer
months. Unlike NDVI, GPP was also influenced by the weather conditions of the previous
month, especially in May and June.

Our results underscore the strong seasonal and spatial variability in vegetation re-
sponses to climate variability and extremes in Mongolia. While the observed climate
change trends indicate a prolonged vegetation season and increased precipitation in sum-
mer months, changes in NDVI and GPP cannot be explained solely by climate variables.
Vegetation dynamics are shaped by both climatic and non-climatic factors, such as grazing
and land degradation. The primary limitation of this study is the lack of spatially explicit
data on soil and grazing intensity, which restricts our ability to fully distinguish the effects
of climate and anthropogenic factors. Future research should integrate land-use, soil, and
livestock data to provide a more comprehensive understanding of vegetation responses to
environmental change.
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Abbreviations

The following abbreviations are used in this manuscript:

CDD Consecutive dry days

Ccsu Consecutive summer days
DTR Mean daily temperature range
FDD Freezing degree days

GDD Growing degree days

GPP Gross Primary Productivity

MODIS  Moderate Resolution Imaging Spectroradiometer
NDVI Normalized Difference Vegetation Index
RX5Day  The highest precipitation amount over 5 days
2M Mean air temperature at 2 m

TN90OP Days with very warm nights

P Total precipitation

TX10P Very cold days

WADD  Number of warm and dry days

WSTL Wet spell total length
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