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Honghe, China, “University of Chinese Academy of Sciences, Beijing, China, °Faculty of Civil Aviation
and Aeronautics, Kunming University of Science and Technology, Kunming, China, ¢®Yunnan Climate
Center, Kunming, China, ’Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical
Botanical Garden, Chinese Academy of Sciences, Menglun, China

Understanding the spatiotemporal patterns and variations in vapor pressure
deficit (VPD) is essential for effective water resource management in the face of
climate change. VPD serves as a fundamental indicator of atmospheric dryness,
directly impacting plant evapotranspiration rates, thereby affecting overall
ecosystem functioning. In this study, VPD changes in five subregions and four
ecological types of land in Yunnan from 1980 to 2021 were investigated using
data from 108 meteorological stations. We found increasing trends in annual
VPD that were larger during warmer spring and summer seasons. Among the
subregions, the highland subtropical southern broadleaved evergreen forest
ecoregion exhibited the largest drying trend (0.04kPa / decade), while the
subtropical (eastern) humid broadleaved evergreen forest ecoregion had the
smallest drying trend (0.01kPa / decade). Among the ecological barriers, the
dry-hot valleys had significantly higher increases in VPD compared to other
Yunnan regions. Increases in VPD from 1990s to 2000s in several regions of
Yunnan exceeded atmospheric drying trends reported elsewhere. Additionally,
we documented smaller VPD declines at higher elevations. Across different
ecological land types, Shrubland exhibited the largest VPD trend (0.07 kPa /
decade), while Forest displayed the smallest (0.03kPa / decade). Decreased
relative humidity through time explained 65% of the increase in VPD in Yunnan,
while increasing temperatures accounted for 25%. These findings provide
valuable insights into climatic dynamics of Yunnan, with implications for
ecological, hydrological, and atmospheric studies.

KEYWORDS
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1 Introduction

Drought, commonly depicted as a widespread weather-related phenomenon caused by
insufficient rainfall and subsequent disruptions in the water balance (Zheng et al., 2023), has
intensifying impacts on global terrestrial ecosystems according to the Intergovernmental Panel
on Climate Change (IPCC; Qiu et al., 2023). Atmospheric dryness, characterized by vapor
pressure deficit (VPD), is a type of drought and is defined as the difference between saturation
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water vapor pressure (e,) and actual water vapor pressure (e,) at a
particular temperature. VPD, as a key indicator of atmospheric aridity
(Fu et al,, 2022; He et al., 2023; Mirabel et al., 2023), is widely
recognized as a principal factor driving drought stress within
terrestrial ecosystems (Rashid et al., 2018; Yuan et al., 2019; Fu et al,
2022; Zheng et al., 2023; Zhong et al., 2023).

High VPDs are associated with droughts (Behrangi et al,, 2015; Li
etal, 2023; Yao et al,, 2023). VPD has primarily been used in plant
productivity, stomatal conductance measurements, plant carbon
uptake, and plant water-use efficiency research, as well as being
associated with forest fire risk (Grossiord et al., 2020; Mueller et al.,
20205 Li et al, 2023; Yang et al., 2023; Zheng et al., 2023). The
significance of VPD in terrestrial ecosystems has also been broadly
confirmed for drought and hydrological cycles (Barkhordarian et al.,
2019; He et al., 2022; Fan et al., 2023; Noguera et al., 2023).

Global and regional climate datasets have been utilized to assess the
changes of atmospheric dryness in terms of VPD. Some studies indicated
that VPD shows an overall increasing trend across different spatiotemporal
scales. Yuan et al. showed a significant increase in global VPD since 2000,
with projections indicating this trend will continue by analyzing four grid
datasets (CRU, EAR-Interim, MERRA, and HadISDH; Yuan et al., 2019).
Jain et al. calculated the VPD from 1979 to 2020 by using the ERA5
reanalysis dataset, revealing a 12% increase in extreme VPD values
globally over the past three decades, coinciding with a rapid expansion in
global land area at risk of fire (Jain et al., 2022). Xu et al. observed a
substantial increase in global VPD over a 20-year period (Xu et al., 2024).
Between 1980 and 2020, over 90% of the western United States exhibited
an increasing trend in VPD with an average annual increase of 0.5kPa
(Rao et al,, 2022). The same study suggested that this trend significantly
contributed to the occurrence of forest fires. Between 1993 and 2013,
rapid increases in VPD occurred across Europe, leading to frequent
drought events and extensive forest mortality due to the stressful
conditions (Liu et al,, 2023). Dong et al. conducted an analysis of temporal
and spatial trends across different climatic zones in China, uncovering a
significant upward trajectory in VPD between 1961 and 2020, with rates
of increase averaging 0.0178kPa / decade (Dong et al,, 2024). Here,
we compiled published VPD changes in different regions (Table 1).
We found that different atmospheric aridity trends occurred in different

TABLE 1 Characteristics of VPD change at global and regional scales.
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ecosystems, for example, the drought intensity of grassland was higher
than that of cultivated land and forest, and the corresponding drought
recovery time was longer in Yellow River Basin, higher resistance of
forests to atmospheric drought (Fan et al., 2023). Recent research has
illustrated relationships between VPD and elevation (Chang et al.,, 2023).
Wang et al. found significant increases in VPD in select high-altitude
areas of Yunnan and Xinjiang (Wang et al, 2022). However, it is
challenging to apply such results in areas with complex ecosystems.

Yunnan Province in southwestern China has diverse climates due
to its complex topography and large altitudinal differences. In addition
to Asian monsoon influences, Yunnan is highly sensitive to climate
change (Shi and Chen, 2018). Several major international rivers flow
through the Yunnan, such as the Mekong and Red River, so there are
large impacts of changing climate patterns on hydrological cycles.
Furthermore, due to its climatic gradients, Yunnan hosts high
biodiversity and ecosystem variety (Wang et al., 2018). While there has
been considerable research on VPD, there is still a need for more fine-
scale investigations of VPD, especially in complex ecosystems sensitive
to global change, such as those found in Yunnan. Therefore,
understanding the atmospheric drought characteristics of these
ecosystems is of high importance for addressing climate change. Our
objective is to examine the spatiotemporal patterns and underlying
causes of VPD changes in Yunnan from 1980 to 2021.

Here, we presented changes in VPD and related variables across
different ecological subregions, key ecological barriers and four
ecological land types in Yunnan from 1980 to 2021, and analyzed the
relationship between VPD changes along altitudinal gradients. Finally,
our objective is to elucidate the trends in VPD within the complex
ecosystem and explore the influence of elevation on VPD changes in
Yunnan from 1980 to 2021.

2 Materials and methods

2.1 Study area

Yunnan is a low-latitude inland province with mountainous
terrain ranging from high elevations of 5,620 m in the northwest to

Regions Biomes VPD changes (kPa / decade) Periods References
Global - +0.0002 1982-2015 Yuan et al. (2019)
Global - +0.00028 1981-2020 Fang et al. (2022)
Global Arid zone +0.00063 1981-2020 Fang et al. (2022)
Global - +0.0005 to - 0.0005 2000-2018 Song et al. (2022)
Global - +0.22+0.05 1982-2015 Liu et al. (2023)
South America Tropical +0.001 1979-2016 Barkhordarian et al. (2019)
USA Temperate +0.0007 1979-2013 Ficklin and Novick (2017)
USA Temperate +0.005 1980-2020 Rao et al. (2022)
Spain Temperate +0.003 1980-2020 Noguera et al. (2023)
China Temperate +0.0178 1961-2020 Dong et al. (2024)
Xinjiang, China Temperate +0.013 1961-2017 Liet al. (2021)
Yunnan, China Subtropical +0.03 1980-2021 This study

Positive values represent increases and negative values represent decreases.
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FIGURE 1

(A) Distribution of 108 meteorological stations (black symbols) and topographic features in Yunnan, China; (B) Five ecological subregions in Yunnan
(TRFE, tropical rain forest ecoregion on the northern edge of the monsoon tropics; SEFE, highland subtropical southern broadleaved evergreen forest
ecoregion; NEFE, highland subtropical northern broadleaved evergreen forest ecoregion; EHEF, subtropical (eastern) humid broadleaved evergreen
forest ecoregion; CME, cold-temperate coniferous forests and meadows ecoregion on the southeastern margin of the Qinghai-Tibet Plateau);

(C) Ecological barriers in Yunnan (EAW, Ailao-Wuliang mountains; EHN, the southern edge of the Qinghai-Tibet Plateau; SEK, the karst regions in the
southeastern part of Yunnan; ETF, tropical forest regions along the southern border; ETF, the tropical forest regions along the southern border; LDT,
dry-hot valley of Lancang River; JDT, dry-hot valley of Jinsha River; RDT, dry-hot valley of Red River).

79m in the southeast. It extends from 21°8’ N to 29°15’ N and from
97°31" E to 106°11” E (Figure 1A), with the Tropic of Cancer crossing
its southern region. The total area is approximately 383,210km?, of
which 84% is mountains, 10% is plateau and 6% is basin. Yunnan
predominantly experiences subtropical and tropical monsoon
climates, though the northwestern area exhibits a plateau mountain
climate. The province encompasses tropical, subtropical, and
temperate climate zones, resulting in notable climatic variations.
Precipitation has a distinct seasonality, with a dry season from
November to April and a rainy season from May to October. The
average annual precipitation in Yunnan is approximately 1,100 mm,
with approximately 85% occurring during the rainy seasons (Rao
etal., 2023).

Due to its proximity to the southeastern edge of the Tibetan
Plateau, Yunnan includes a transitional region between tropical and
temperate zones. Consequently, its vegetation exhibits transitional
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characteristics, ranging from coniferous forests in the north to tropical
rainforests in the south, and from high-altitude shrub grasslands to
low-altitude sparsely forested grasslands. Here, we divided it into five
ecological zones from the south to the north based on the integrated
geographic features (Figure 1B): tropical Rainforest on the northern
edge of the monsoon tropics (TRFE), highland subtropical southern
broadleaved evergreen forest ecoregion (SEFE), highland subtropical
northern broadleaved evergreen forest ecoregion (NEFE), subtropical
(eastern) humid broadleaved evergreen forest ecoregion (EHEF),
cold-temperate coniferous forests and meadows ecoregion on the
southeastern margin of the Qinghai-Tibet Plateau (CME).!

1 https://sthjt.yn.gov.cn/zrst/swdyxbh/200911/t20091109_11143_wap.html
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In Yunnan, the total area designated for ecological protection is
118,400 km?, accounting for 30.90% of the provincial land area
(Figure 1C). These areas are ecological barriers and primarily
located in the biodiversity-rich and water-conserving regions
including the northwestern mountainous canyons on the southern
edge of the Qinghai-Tibet Plateau (EHN), the Ailao-Wuliang
mountains (EAW), and the tropical forest regions along the
southern border (ETF). Four important regions of soil and water
conservation are dry-hot valley of Jinsha River (JDT), dry-hot
valley of Lancang River (LDT), and dry-hot valley of Red River
(RDT), as well as the karst regions in the southeastern part of the
province (SEK). This distribution pattern of the ecological
protection red line areas forms the spatial framework of the “Three
Zones and Two Belts” in Yunnan.?

2.2 Data sources

The monthly T, RH, maximum T (Tmax), maximum T (Tmax),
minimum T (Tmin), and Precipitation (Precip) data used in this
study from 1980 to 2021 were obtained from the National
Meteorological Information Center-China Meteorological Data
Network.’ Incomplete meteorological station records were filtered
out, resulting in a final dataset including 108 meteorological
stations in Yunnan (Figure 1A). The average elevation of the 108
meteorological stations is 1,537 m. Among these weather stations,
16 stations are located in TRFE, at an average altitude of 1,295 m;
23 stations are located in SEFE, at an average altitude of 1,485 m;
60 stations are located in NEFE, at an average altitude of 2,087 m;
7 stations are located in EHEF, at an average altitude of 1,486 m; 2
stations are located in CME, at an average altitude of 3,458 m.

The land cover of Yunnan from 1990 to 2021 is sourced from
Wuhan University," with spatial resolutions of 30 m (Yang and
Huang, 2021). Representative ecological land types in the study
area were identified as croplands, forests, shrublands and
grasslands. For this study, land-cover data was resampled to a
90 m resolution.

The Digital Elevation Model (DEM) of Yunnan was obtained from
the Chinese Academy of Sciences Resource and Environment Science
Data Center,’ with a spatial resolution of with 90 m (Figure 1A).

To examine drought variation characteristics across different
time periods, this study divided 1980 to 2021 into distinct stages:
1980-2021, 1981-2000 (1980s-1990s), 1991-2010 (1990s-2000s),
and 2001-2020 (2000s-2010s). The period from 1980 to 2021
represents the overall 42-year period. For other periods: 1981-
2000 denotes the difference between the average values of 1991-
2000 and 1981-1990, 1991-2000 represents the disparity between
the average values of 2001-2010 and 1991-2000, and 2001-2020
illustrates the distinction between the average values of 2011-2020
and 2001-2010.

2 https://www.yn.gov.cn/zwgk/zcwj/zxwj/201911/t20191101_184159.html
3 http://data.cma.cn

4 https://zenodo.org/records/8176941
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2.3 Methods

2.3.1 Estimating the VPD

Climatic variables include air temperature (T), relative humidity
(RH), and VPD. VPD is calculated by using the myclim package (Man
et al,, 2023) in R Studio version 4.3.2 (R Core Team, 2023) and is
determined the following equations [1]-[4].

ANUSPLIN version 4.4 is a spatial interpolation program
developed by the Australian National University for generating
meteorological datasets. Its main feature is the ability to incorporate
linear covariates such as topographical variables, making it widely
applicable in regions with highly variable terrain (Simeng et al., 2019).
Datasets generated by ANUSPLIN 4.4 exhibit high precision and
reliability (Zhang et al., 2010). This study leveraged ANUSPLIN 4.4 to
perform spatial interpolation of the VPD data, which was initially
calculated based on 108 stations. Through integration with the Digital
Elevation Model (DEM) of the study area, this process generated final
VPD surfaces with 90 m spatial resolution.

Due to the non-uniform spatial distribution of stations in Yunnan,
a grid of points that evenly covered the study area was created using
the Fishnet tool in ArcGIS 10.8. This approach was adopted to
facilitate a more detailed and realistic evaluation of the VPD within
the subregions. Within the study area, 1,528 usable points were
generated and values were extracted from the interpolated VPD
dataset to the points using the Extract Multiple Values to Points tool
in ArcGIS 10.8. Among these points, 283 points are located in TRFE;
366 points are located in SEFE; 754 points are located in NEFE; 62
points are located in EHEF; and 63 points are located in CME.

To analyze seasonal variations, the VPD datasets were divided into
four seasons including spring (March to May), summer (June to August),
autumn (September to November), and winter (December to February).
Yunnan's climatic diversity is remarkable, spanning from alpine meadows
in the northwest to subtropical monsoon rainforests in the southwest.
Recognizing this, the study proposes dividing the region into four
seasons to more accurately capture the climatic nuances across the entire
study area. This approach allows for a comprehensive understanding of
the climatic variations and patterns prevalent throughout Yunnan.

2.3.2 Trend changes and statistical analyses of
climatic factors

Linear trends in VPD were assessed using the non-parametric Sen’s
slope estimator (Mann, 1945; Sen, 1968). As the climatic variables did
not follow normal distributions, the Mann-Kendall and Sen’s slope
estimator were used to detect slopes and discontinuities. The Sen’s slope
estimator is a non-parametric method used to describe hydro-
meteorological and extreme indices (Li et al., 2021). The MK test is
employed for detecting non-parametric trends (Mann, 1945; N. L. ],
1949; Sen, 1968; Sadeqi et al., 2022). The significance of trends was
determined employing the original MK test. The significance assessment
criteria for MK test can be found in Supplementary Table S1. Sen’s slope
was calculated using the equation [5]. In this study, trends were
considered to be statistically significant at the p <0.05 level.

To assess the potential influence of climatic factors on changes in
VPD, we employed partial correlation analysis. This statistical method
evaluates linear relationships between climatic variables while
controlling for the effects of one or more additional variables (Han
etal,, 2023). The partial correlation coefficients were calculated using
equation [6].
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Mean annual VPD (kPa) in five subregions (A—E) from 1980 to 2021 in Yunna

overall (S=0.0032), the black solid lines represent slopes in the subregions, and the gray shaded area represents the confidence interval, S in the

subplots represent the slope of each ecological subregions, respectively (TR

tropics; SEFE, highland subtropical southern broadleaved evergreen forest ecoregion; NEFE, highland subtropical northern broadleaved evergreen
forest ecoregion; EHEF, subtropical (eastern) humid broadleaved evergreen forest ecoregion; CME, cold-temperate coniferous forests and meadows

ecoregion on the southeastern margin of the Qinghai-Tibet Plateau).
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n. The red dashed lines represent the slope of VPD over time for Yunnan

FE, tropical rain forest ecoregion on the northern edge of the monsoon

3 Results

3.1 Changes in VPD in different subregions
and ecological barriers

3.1.1 Changes in VPD in different subregions

An overall increase in VPD across various spatial and temporal
scales from 1980 to 2021 was observed across Yunnan, with the fastest
rise in SEFE and the slowest in EHEF (Figure 2; Table 2). Over the
four-decade span, the average VPD increase rate in Yunnan was
0.03kPa per decade, with 94% of meteorological stations (and 76%
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significantly) recording this trend. Across ecological subregions, the
largest increase in VPD was in SEFE at 0.04kPa per decade, while
EHEF had the smallest increase in VPD at 0.01kPa per decade
(Table 2). For the seasonal variation in VPD, we found 0.03kPa per
decade in spring and summer seasons (p <0.05), compared with
0.02kPa per decade in fall and winter seasons (p <0.05), showed a
faster upward trend (Table 2). A similar trend was also found in
different subregions.

Over a 42-year period, this whole region showed a drying trend
and significant spatial disparities. The four major river watersheds of
Yunnan (Jinsha, Nujiang, Lancang and Red Rivers) in all seasons

frontiersin.org
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TABLE 2 Annual and seasonal VPD (kPa / decade) trends in Yunnan and its five subregions, over the period 1980 to 2021.

Seasons Yunnan TRFE SEFE NEFE EHEF CME Positive Negative
VPD Annual 0.03%* 0.03%% 0.04%% 0.03%* 0.01% 0.02%% 94 (76) 6(17)
Spring 0.03%* 0.04%% 0.04%% 0.04%* 0.02% 0.02%% 95 (58) 5(0)
Summer 0.03%* 0.03%% 0.04+% 0.03%* 0.02 0.02% 94 (70) 6(17)
Autumn 0.02% 0.03%% 0.04+% 0.02%* 0.00 0.01%% 92(73) 8 (11)
Winter 0.02% 0.02%% 0.02%% 0.03%* 0.01 0.02%% 91 (54) 9(0)

*denotes that the trend was significant at the 95% significance level; **denotes that the trend was significant at the 99% significance level. 95(58) represents (with spring as example) that 95%
of stations recorded a positive trend and (58% of stations were significant at the 95% significance level). TRFE, tropical rain forest ecoregion on the northern edge of the monsoon tropics;
SEFE, highland subtropical southern broadleaved evergreen forest ecoregion; NEFE, highland subtropical northern broadleaved evergreen forest ecoregion; EHEE, subtropical (eastern) humid
broadleaved evergreen forest ecoregion; CME, cold-temperate coniferous forests and meadows ecoregion on the southeastern margin of the Qinghai-Tibet Plateau.

Annual

VPD (kPa)
o 16

-o

FIGURE 3

Averaged annual (A) and seasonal (B—E) VPD (kPa) from 1980 to
2021 in Yunnan. Light blue lines are the main rivers in Yunnan. (TRFE,
tropical rain forest ecoregion on the northern edge of the monsoon
tropics; SEFE, highland subtropical southern broadleaved evergreen
forest ecoregion; NEFE, highland subtropical northern broadleaved
evergreen forest ecoregion; EHEF, subtropical (eastern) humid
broadleaved evergreen forest ecoregion; CME, cold-temperate
coniferous forests and meadows ecoregion on the southeastern
margin of the Qinghai-Tibet Plateau).

consistently have higher VPD than other areas, while the high
altitude of northwest regions (CME) was lowest (Figure 3). VPD
values in spring were markedly higher than the annual average and
those of autumn and winter, peaking at 1.6kPa. EHEF has a lowest
VPD in winter (Table 2).

Over the past 42 years, Yunnan has shown a significant increase in
drought, with extreme drought areas distributed in the central and
northern regions of Yunnan (Figure 4A). There are differences in
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drought trends across different periods. From 1980s to 1990s, northern
parts of Yunnan showed a slight wetting trend, with a small part of
significant wetter zone (Figure 4B). From 1990s to 2000s, the majority
of Yunnan, excepting northern of Yunnan, showed severe to very severe
drying trends, with parts of central and northeastern Yunnan, and even
southern and western Yunnan experiencing the high significant drying
(Figure 4C). In the period 2000s to 2010s, the northern Yunnan showed
a slight drying trend, while parts of southern and southeastern Yunnan
displayed significant wetting trends, with the area of significant wetting
exceeding that of significant drying (Figure 4D).

3.1.2 VPD trends in the ecological barriers

We observed that VPD not only varied among different
ecological subregions, but also exhibited distinct changing
patterns in the ecological barriers (Figure 5; Table 3). Among
these ecological barriers, JDT had the highest VPD values,
followed by RDT. EHN had the lowest VPD, followed by
SEK. There was a significant disparity in VPD among different
ecological barriers, with a difference of up to 0.38 kPa between
JDT and EHN.

It was evident that among these ecological barriers, the fastest
average VPD increase over multiple years was in HDT, at 0.07 kPa per
decade (p<0.05), followed by LDT and JDT at 0.04kPa per decade
(p<0.05), and 0.03kPa per decade (p <0.05), respectively. The lowest
increase was observed in EHN at 0.01kPa per decade (p <0.05), while
the remaining ecological barriers showed a VPD increase of 0.02kPa
per decade (p<0.05). Analysis of different time scales revealed that
VPD had a negative trend from 1980s to 1990s, with an average of
—0.01kPa per decade, with a minimum of —0.07 kPa per decade in
EHN. Apart from this, EAW and JDT also showed a negative trends.
From 1990s to 2000s, VPD had the fastest increase averaging 0.06 kPa
per decade (p<0.05). From 2000s to 2010s, the average increase in
VPD was 0.02kPa per decade.

3.2 Trends in VPD along an altitudinal
gradient

Overall, VPD showed a negative linear correlation with altitude
among five ecological zones, decreasing as altitude increases
(Figure 6). The highest correlation was found in CME (R*=0.74,
§$=-0.0002, p<0.05) with an average altitude exceeding 3,000m,
followed by TRFE (R*=0.71, S=-0.0002, p<0.05 with an average
altitude over 1,200 m. R* values in other regions ranges between 0.50
and 0.58, with an average altitude of between 1,295 and 3,458 m.
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FIGURE 4
Spatial and temporal changes in VPD (kPa / decade) in Yunnan for four time periods (A—D) with Significance determined by the MK test (TRFE, tropical
rain forest ecoregion on the northern edge of the monsoon tropics; SEFE, highland subtropical southern broadleaved evergreen forest ecoregion;
NEFE, highland subtropical northern broadleaved evergreen forest ecoregion; EHEF, subtropical (eastern) humid broadleaved evergreen forest
ecoregion; CME, cold-temperate coniferous forests and meadows ecoregion on the southeastern margin of the Qinghai-Tibet Plateau).

3.3 The changes of VPD in four ecological
land types

Over the past four decades, we found that VPD in the Shrubland
showed the largest increase (S=0.0071, Trend=0.07kPa / decade,
p <0.05), followed by the Grassland (S=0.0048, Trend=0.06kPa /
decade, p <0.05) and Cropland (S=0.0046, Trend=0.05kPa / decade,
P <0.05; Figures 7, 8), while VPD in the Forest showed the least increase
(§=0.0022, Trend=0.03kPa / decade, p <0.05). The slope of the change
in Cropland is higher than the averaged VPD trend in Yunnan, so
Cropland makes a large contribution to overall VPD increases.

3.4 Relationship between VPD and climatic
factors

We used partial correlation analysis to study the relationship
between VPD and climatic factors (T, RH, Tmax, Tmin, Precip).
Before conducting the partial correlation analysis, we initially
performed a bivariate correlation analysis to examine the associations
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between VPD and the climatic factors. The results of the study
indicated that across all subregions in Yunnan, the influence of VPD
is significantly positive, while RH exerts a significant negative impact
on VPD (Figure 9). The effect of Tmax on VPD is not particularly
significant, and Tmin negatively affects VPD but is not significant.
Precip has a significant negative impact on VPD. The variance
explained by the independent variables revealed that in the study area,
RH accounts for 65% of the variability in VPD, T contributes to 25%,
while the explanatory power of other variables is relatively low.
Among different subregions (Figure 9), the correlation between
CME and T is the highest (0.767, p<0.05), the correlation between
NEFE and RH is the highest (—0.907, p<0.05). Additionally, it is
noteworthy that Tmax exhibits a significant positive correlation with
VPD changes in both the SEFE (0.093, p<0.05) and NEFE (0.19,
p<0.05) regions. Tmin shows a significant negative correlation with
VPD changes in the TRFE (—0.104, p <0.05) and SEFE (—0.2, p<0.05)
regions, while Precip displays a significant negative correlation with
VPD changes in the NEFE (—0.228, p<0.05) and CME (—0.224, p<0.05)
regions. The analysis results indicated that, apart from T and RH, there
are differences in the influencing factors of VPD among the subregions.
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4 Discussion
4.1 Trends in VPD at multiple scales

As global temperatures increase, several studies suggested that
warming is associated with atmospheric drying (Held and Soden, 2006;
Cook et al,, 2014). Since the 1980s, temperatures in Yunnan have been
increasing, marking a shift from a wetter to a drier climate (Zhou et al,,
2018). By the 1990, the significance level of the warming trend notably
increased, with some stations even surpassing a significance level of
p<0.001 (Zhou et al, 2018). This supports patterns presented in
Figure 4C, indicating pronounced intensification and persistence of
drought conditions during this period. The changes in VPD in regions
of higher significance levels are likely primarily influenced by
temperature shifts (Huang, 2011; Zhou et al,, 2018). At a larger regional
scales, increases in VPD are always accompanied by heatwaves or
drought events, and rising VPD is responsive to the global warming
trend (Grossiord et al., 2020; Li et al., 2021). In regions like China where
extreme events occur frequently, the spatiotemporal characteristics of
VPD are also affected, as seen in the correspondence between extreme
VPD days and extreme events in Northwest China (Dong et al., 2024).
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FIGURE 5

VPD values (kPa) of the seven ecological barriers across different
time scales (EAW, Ailao-Wuliang mountains; EHN, southern edge of
the Qinghai-Tibet Plateau; SEK, karst regions in the southeastern part
of the province; ETF, the tropical forest regions along the southern
border; ETF, tropical forest regions along the southern border; LDT,
dry-hot valley of Lancang River; JDT, dry-hot valley of Jinsha River;
RDT, dry-hot valley of Red River).
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Atmospheric circulation anomalies were found to play significant roles
in drought occurrences in Yunnan Province, indicating that changes
in local VPD are influenced to some extent by large-scale regional
climate changes or climate events (Lii et al.,, 2012). This was supported by
this study, where changes of VPD in Yunnan were correlated with mean
surface temperature in China, as shown in the Supplementary Figure S1.

Agreeing with results from other global regions (Xie et al., 2010; Li
etal, 2021; Zhuang et al,, 2021; Fang et al,, 2022), an increasing trend in
VPD were shown in Yunnan and its different subregions, and varied by
subregions and seasons. In particular, the VPD increases in northeastern
Yunnan (EHEF) and in the northwest (CME) were lower than in other
subregions. Under different climate scenarios, the climate characteristics
in northeastern Yunnan are warming and humid, with both precipitation
and temperature increasing. Therefore, VPD increases were slower in
these subregions compared to other areas, suggesting that increased VPD
there may be attributable to increased moisture (Zomer et al., 2015).
Additionally, current and future climate characteristics in northwestern
Yunnan are cold and humid, with both temperature and precipitation
increasing simultaneously (Zomer et al., 2015). For this region increasing
VPD may be more influenced by changes in temperature, with less
influence from moisture. This study also revealed that spring and
summer experienced a rapid increase in VPD, which is consistent with
results of VPD studies conducted in Spain and Xinjiang, China. It is
widely acknowledged that the rate of VPD increase during the warmer
seasons is notably greater than during the colder seasons (Li et al., 2021;
Noguera et al., 2023), as we found. However, unlike other regions, the
transition of atmospheric drought from summer to autumn in Yunnan
is very rapid, with the maximum VPD dropping quickly from 1.10 to
0.79kPa (Figure 3), which indicates that the onset of the wet season
significantly alleviates seasonal drought, but this alleviation effect has a
certain lag (Abbas et al., 2014; Ding and Gao, 2020).

In comparing VPD among the ecological barriers, we found the
VPD in the dry-hot valley regions significantly exceeded that of other
areas (Sun et al., 2019). An in-depth analysis of a decade of drought
characterization in these dry and hot valleys revealed a consistent
trend of increasing drought corresponding to changes in VPD. This
result not only indicates an exacerbation of drought severity in the
area, but also underscores the applicability of VPD as a drying
indicator within such dry-hot valleys. Under future climate scenarios,
the dry-hot valleys are predicted to experience more drought (Zomer
etal, 2015). Ecosystems in dry-hot valleys are extremely fragile, prone
to severe soil erosion, subject to significant land use changes and
vegetation restoration is challenging in these areas due to these factors,
collectively exacerbating the drought conditions in day and hot river
valleys (Dong et al., 2013; Pei et al., 2018). These findings highlight the
sensitivity and fragility of the dry-hot valleys in the context of global

TABLE 3 The VPD trends (kPa / decade) in the ecological barriers over the periods 1981 to 2021.

Periods EAW EHN SEK ETF LDT JDT RDT
1980-2021 0.02%% 0.01%* 0.02%% 0.02%* 0.04%% 0.03%+ 0.07%*
1980s-1990s -0.02 -0.07 0.01 0.02%% 0.00 —0.05%* 0.04
1990s-2000s 0.04* 0.03%* 0.05%* 0.05%* 0.06%* 0.05 0.13%*
2000s-2010s 0.05 0.00 -0.02 -0.07 0.06 0.09%* 0.03

*denotes that the trend was significant at the 95% significance level; **denotes that the trend was significant at the 99% significance level, negative values represent decreased VPD (EAW,
Ailao-Wuliang mountains; EHN, southern edge of the Qinghai-Tibet Plateau; SEK, karst regions in the southeastern part of the province; ETF, tropical forest regions along the southern

border; ETE, tropical forest regions along the southern border; LDT, dry-hot valley of Lancang River; JDT, dry-hot valley of Jinsha River; RDT, dry-hot valley of Red River).
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FIGURE 6
Trends in VPD (kPa) along an elevational gradient in five subregions of Yunnan (A—E). The red dotted lines represent the slope in Yunnan (S = -0.0013),
and the gray shaded area represents the confidence interval, S in the subplots represent the slope of each ecological subregions, respectively (TRFE,
tropical rain forest ecoregion on the northern edge of the monsoon tropics; SEFE, highland subtropical southern broadleaved evergreen forest
ecoregion; NEFE, highland subtropical northern broadleaved evergreen forest ecoregion; EHEF, subtropical (eastern) humid broadleaved evergreen
forest ecoregion; CME, cold-temperate coniferous forests and meadows ecoregion on the southeastern margin of the Qinghai-Tibet Plateau).

warming, illustrating the persistent drought and ecological stress this
region faces in warming conditions.

4.2 Increasing VPD and regional ecological
dynamics

Increased VPD closes plant stomata, restricting transpiration by
the vegetation community and consequently suppressing plant growth
(Grossiord et al., 2020; Madani et al., 2020). Some studies even suggest
that VPD is the dominant factor controlling global Gross Primary
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Productivity (Madani et al., 2020; He et al, 2022). Climate and
emissions modeling has projected that VPD will increase further in
the future (Yuan et al., 2019). This implies that the impact of VPD on
plant will persist or increase. Given the significant spatiotemporal
variations in VPD observed in Yunnan, coupled with the trends
identified in this study; it is anticipated that high-altitude (CME) and
specific (EHEF) regions will emerge as new focal points for plant
ecosystems. Contrarily, plant water stress within dry-hot valleys is
anticipated to more rapidly intensify.

There were also distinct variations in drought tolerance across
different ecological land types (Li et al., 2021). Our study found that
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increasing trends in VPD are larger in Shrublands and Grasslands
compared to the other two ecological land types. Research across six
major continents has also confirmed that the impact of drought on
global grassland and shrubland ecosystems has been significantly
underestimated (Simeng et al., 2019). Additionally, researchers have
found that the extent of drought stress on shrubs is most susceptible
to human activities, followed by forest, cropland, and grasslands (Cao
et al, 2022).

resemblance to our study, as both suggest that shrubland are more

The research outcomes mentioned above bear

prone to drought or, in other words, more sensitive to drought
conditions. Therefore, closely monitoring the variations shrublands
within Yunnan will be essential for understanding the drought
conditions in the region.

5 Conclusion

This study examined the changes in VPD and two related
climate variables (T, RH) in Yunnan from 1980 to 2021.
Additionally, we evaluated VPD changes in five subregions (TRFE,
SEFE, NEFE, EHEF, CME), seven ecological barriers (EAW, SEK,
ETF, ETE LDT, JDT, RDT) and four ecological land types
(Cropland, Forest, Shrubland, and Grassland), along with exploring
correlations between VPD and elevation. Our main findings are
summarized as follows:
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1. From 1980 to 2021, VPD increased across all regions in

Yunnan, as evidenced by 94% (74% significant) of observation
stations, illustrating a general trend of atmospheric drying in
Yunnan. The drying trend was particularly notable during the
warm seasons (spring and summer) between 1980 and 2021, as
supported by 95% (58% significant) and 95% (70% significant)
of the observation stations, respectively. For different
subregions, the most significant drying occurred in the SEFE
(0.04kPa / decade), while the EHEF (0.01 kPa / decade) region
showed the lowest drying trend.

. For different ecological barriers, increasing trends in VPD were
highest in the dry-hot valleys. This suggests that the dry-hot
valleys are more sensitive to climate change and are a priority area
for ecological research. In addition, we found that VPD across
Yunnan increased most rapidly between 1991 and 2010.

. The changes in VPD had strong and decreasing elevation
relationship. This dependence was found to be stronger at
higher elevations.

. In the different ecological land types, the change in VPD was
greatest in the Shrubland (0.07kPa / decade), followed by the
Grassland and Cropland. VPD in the Forest (0.03kPa / decade)
showed the least increase. This suggests that forests can
effectively mitigate drought due to climate change.

. The increase of VPD in Yunnan was attributed to the decrease
in RH and the increase in T, with RH explaining 65% and T
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explaining 25% of the change. The increase in Pre had a 6 Equations and ﬁgures

significant negative impact on VPD, while the effects of Tmax

and Tmin on VPD were not significant. 6.1 Equations
b*T 1
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FIGURE 8
VPD trends (kPa) in four ecological land types during 1990 to 2021,
the values in x-axis represent VPD trends from 1990 to 2021 (kPa / Where i and j represent different pairs of data points with i<j, and
decade). (x5 y1) and (x;, y;) are the coordinates of these data points. S represents
the slope. Positive values of S denote increasing trends in the data,
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Partial correlation analysis between VPD and climate factors in Yunnan (A) and its ecological subregions (B—F). T, RH, Tmax, Tmin and Precip represent
temperature, relative humidity, maximum temperature, minimum temperature, and precipitation, respectively.
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while negative values are decreasing trends. A value of zero indicates
the absence of a significant trend in. This interpretation of slope is
commonly used in change point analysis and trend detection to assess
the direction and magnitude of trends in time-series data. In this
study, trends were considered to be statistically significant at the
p<0.05 level.

R Ry.xl - zizzsRyAxinin

y.xl.x2.x3.x4.x5 = 2 2 (6]
\/l - Zi:ZS Ry xi \/ 1- Zi:25 Ry i

Where, Y represents VPD, and x1 to x5, respectively, refer to T,
RH, Tmax,
correlation coefficient.

Tmin, and Precip, R represents the partial
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