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HIGHLIGHTS GRAPHICAL ABSTRACT

e Cooling effect areas caused by vegeta-
tion greening are as follows 25.78
million km?. LAI LST VPD SM

e In nearly 47 % of the area, the dryness
stress will limit the greening of
vegetation.

e Drought stress weakened the 10.8 %
contribution of vegetation to the cooling
effect.

o With 21.03 million km? of vegetation
cooling effect were limited by drought
stress.

mited by SM and VPD
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Dryness stress weakens the sustainability of global vegetation cooling

ARTICLE INFO ABSTRACT

Editor: Anastasia Paschalidou Dryness stress can limit vegetation growth, and the cooling potential of vegetation will also be strongly influ-
enced. However, it is still unclear how dryness stress feedback weakens the sustainability of vegetation-based

Keywords: cooling. Based on the long-time series of multi-source remote sensing product data for the period 2001-2020,

Soil moisture

Atmospheric vapor pressure deficit
Vegetation greening

Cooling effect

Sustainability

the relative contribution rate, and the method of decoupling and boxing, we determined that greening will likely
mitigate global warming by 0.065 + 0.009 °C/a, but nearly 47 % of the area is unsustainable. This phenomenon
is strongly related to dryness stress. The restricted area of soil moisture (SM: 68.35 %) to vegetation is larger than
that of the atmospheric vapor pressure deficit (VPD: 34.19 %). With the decrease in SM, vegetation will decrease
by an average of 14.9 %, and with the increase in VPD, vegetation will decrease by 3.8 %. With the continuous
increase in the dryness stress area, the sustainability of the vegetation cooling effect will be threatened in an area
of about 21.03 million km?, which is equivalent to the area of North America. Specifically, we found that with
the decrease in SM and the increase in VPD, the contribution of vegetation to the cooling effect has been
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weakened by 10.8 %. This conclusion confirms that dryness stress will threaten the sustainability of vegetation-
based climate cooling and provides further insight into the effect of dryness stress on vegetation cooling.

1. Introduction

Soil moisture (SM) and atmospheric vapor pressure deficit (VPD) are
very important to the carbon cycle of terrestrial ecosystems. Some
studies have found that SM-atmosphere feedback controls the change in
soil carbon flux (Green et al., 2019). Low SM supply and high VPD are
considered as the two main drivers of dryness stress on vegetation,
which can cause large threats to agricultural production and drive
widespread tree mortality (Madadgar et al., 2017). An accurate under-
standing of dryness stress on ecosystems is therefore critical for man-
aging drought risks and reducing uncertainties in predicting future land
carbon uptake and climate change(Liu et al., 2020; Liu et al., 2023b). SM
and VPD infuence the distribution ratio of sensible heat and latent heat
transmitted from the surface to the atmosphere, soil albedo, soil heat
capacity, surface evaporation, and vegetation growth, which affect the
redistribution of surface energy and water and thus the climate (Feng
et al., 2021; Wang et al., 2010).

Vegetation is an indispensable part of the terrestrial ecosystem and
plays an important role in water and energy cycle and information
transmission (Seneviratne et al., 2010). Some scholars have shown that
there is a significant greening trend for vegetation in China, India,
southeastern Australia, and sub-Saharan Africa (Chen et al., 2019;
Fridley and Wright, 2018). Peng et al. (2014) confirmed that this will
produce an effective cooling effect. Peng et al. (2014) showed that the
surface temperature in afforestation areas is lower than that in non-
afforestation areas, which is attributed to the higher surface evapo-
transpiration (ET) caused by afforestation. Li et al. (2018) suggested that
the mechanism of the vegetation cooling effect is mainly ET, which re-
flects the biophysical effect. Li et al. (2018) demonstrated that vegeta-
tion dynamics reflect the direct feedback of the environment to global
climate change and human activities. In this system, they regulate the
energy exchange among the atmosphere, water, and land(Dang et al.,
2022; Deng et al., 2020; von Buttlar et al., 2018; Zhang et al., 2021).
Many scholars have shown that several abiotic factors contribute to
vegetation dynamics, including SM, VPD precipitation (Pre), and tem-
perature (T) (Zheng and Eltahir, 1998). This proves that the interaction
between SM and precipitation strongly affects the terrestrial water and
energy cycle (McColl et al., 2017; Zhang et al., 2022b). It has been
shown that the global soil drying trend is significant, and the response of
vegetation change to soil drying is also significant (Castellvi et al., 1996;
Jain et al., 2022). VPD is an important factor in vegetation dynamics.
(Doughty et al., 2015; Liu et al., 2023a), and atmospheric drought and
soil drying have negative effects on vegetation primary productivity
(Mitchell et al., 2015; Song et al., 2020). The growth of vegetation is
limited by SM and VPD (Zhang et al., 2022a), which may limit and
threaten the resulting cooling effect. Feng et al. (2021) showed that the
universality of vegetation greening is challenged and Will further affect
the climate.The study of Green et al. (2019) showed that reduced SM can
reduce the net primary productivity (NPP) and restrict the growth of
vegetation through terrestrial ecosystem stress, which will further
aggravate the occurrence of extreme climate due to terrestrial-
atmospheric feedback. The research by Liu et al. (2023c) has shown
that drought reduces evaporation and condensation, and the surface
temperature in dry land increase compared with that in wet and marine
areas. Therefore, the cooling effect of vegetation will be threatened and
the surface temperature will rise in the soil drying areas and the atmo-
spheric arid areas.Therefore, it is of great significance to pay attention to
change in the cooling effect in vegetation regions, which is limited by a
decrease in the SM and an increase in the VPD.

Although there have been many studies on the limitations of vege-
tation growth imposed by the SM and VPD, there are few studies on the

relationship between SM and VPD and the cooling effect of vegetation,
resulting in some shortcomings in our understanding::1. Can the extent
by which SM and VPD limit the vegetation region be quantified in space?
2. Whether the effects of drought stress(SM and VPD) on vegetation will
be further fed back to the atmosphere? 3. Is the cooling effect of vege-
tation is sustainable? 4. Is the indirect influence of SM and VPD on the
cooling effect sustainable and what is the influencing mechanism?

Through several independent satellite observations of SM, VPD,
Vegetation (leaf area index- LAI), land surface temperature(LST), and
contemporaneous climate data, first, we decouple the strong correlation
between SM and VPD, and then solve their respective effects on limiting
global ecosystem production and discuss the changes in the regional
cooling effect that restrict vegetation growth. Our results show that
compared with VPD, SM plays a leading role in determining the drought
stress of ecosystem production in most terrestrial vegetation areas, and
with the decrease in SM and the increase in VPD, the contribution of LAI
to the cooling effect has been weakened by 10.8 % (Fig. 1).

2. Materials and methods
2.1. Date resource and preprocessing

2.1.1. Vegetation indices

Greening is quantified by LAI, while NDVI is usually used to indicate
the dynamic change of vegetation. Compared with NDVI, the ecological
significance of the leaf area index (LAI) is more obvious, that is, the total
leaf area is projected on the unit land area(Sun and Qin, 2016). There-
fore, the leaf area index (LAI) is a kind of vegetation index widely used
for monitoring vegetation dynamics, and the LAI data set is a reliable
“indicator” of vegetation interannual dynamics(Vickers et al., 2016).
Peng et al. (2014) using the research results of the leaf area index, the
vegetation greening is quantified. Data on vegetation leaf area index
from 2001 to 2020 came from MODIS (https://disc.gsfc.nasa.gov/),
with a spatial resolution of 500 m and a temporal resolution of 8 days. In
order to match the precipitation and temperature data sets, we sum-
marize the LAI data into monthly time steps.

2.1.2. Soil moisture data

In this paper, the monthly soil moisture data of 0.25 x 0.25 from
2001 to 2020 provided by NOAH, the land surface model of GLDAS is
used(https://disc.gsfc.nasa.gov/), GLDAS, Global Land Surface Data
Assimilation System, is developed jointly by the Goddard Space Flight
Center of NASA and the National Center for Environmental Forecasting
of the United States Oceanic and Atmospheric Administration (https://
disc.gsfc.nasa.gov/). Based on surface observations and satellite remote
sensing monitoring data, its four land surface process models including
Noah have simulated SM products with various spatiotemporal resolu-
tions(Roderick et al., 2007). This study adopted SM product from the
Noah model, which contains four layers of SM data with depths of 0-10,
10-40,40-100, and 100-200 cm, respectively. In this paper, we mainly
use soil moisture with a depth of 0-10 cm, unit: kg/m?. GLDAS combines
ground observation and satellite data products to generate optimal near-
real-time ground state variables through data assimilation, which
overcomes the limitations of ground. A lot of research and evaluation
results show that GLDAS data has high reliability(Kato et al., 2007). At
present, it has been widely used in the research fields of soil moisture
research, remote sensing inversion of soil moisture results verification,
climate and meteorological prediction, water resources management,
drought, and flood disasters, etc.(Vreugdenhil et al., 2013).
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2.1.3. Climate factors

Land Surface Temperature (LST) data in MODIS (https://disc.gsfc.
nasa.gov/) products are used, which is the 8-day average data of LST
from 2001 to 2021. The data of LST includes temperature observation
during the daytime (10:30-13:30) and at night (22:30-01:30). The ab-
solute deviation of noise LST caused by cloud pollution, topographic
difference, and zenith angle change is <1 K.; Temperature and precip-
itation data are used for climate data, the global 0.5 climate data set
(https://crudata.uea.ac.uk/cru/data/hrg/) published by CRU and the
high-resolution climate data set (http://www.worldclim.org/) pub-
lished by WorldClim.ET and Abledo data are homologous.VPD was
calculated as the difference between saturated water vapor pressure,
determined by near-surface temperature, and actual water vapor pres-
sure, determined by saturated water vapor pressure and relative
humidity.

2.1.4. Climate zone map

In this study, climate zones were defined according to the latest
digital Koppen-Geiger World map of climate classification for the second
half of the 20th century (Kottek et al., 2006), M. This map is based on
data sets from the Climatic Research Unit(CRU TS2.1) at the University
of East Anglia and the Global Precipitation Climatology Centre (GPCC)
at the German Weather Service. (http://koeppen-geiger.vuwie- n.ac.at/
present.htm).We merged the 31 climate zones into 5 major zones
(Equatorial, Arid, Temperate, Boreal, Polar) as defined in the classi-
ficationsystem. The polar zone was not analyzed since it does not
include relevant vegetated areas. We have to note here, that the climate
zones are kept constant when doing statistics by climate zone even for
future climate.See Fig. S2 Climatic Zone Classification Diagram for the
specific classification diagram.

2.1.5. Global boundaries datasets

This study used different types of regional divisions for the world.
Among them, global national vector boundary data (https://gadm.org/)
and Koppen climate zone classification data (Kottek et al., 2006) were
used. At the same time, in the process of quantifying the ecological
threshold of SM and SFR on vegetation, the irrelevant variables should
be control as much as possible.

The long-term multi-source remote sensing image data used in this
paper are synthesized, aggregated, and cropped based on the source
data, and the accuracy is unified by remote sensing software. In order to
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ensure the consistency of spatial resolution, ArcGIS was used to
resample the above data.

2.2. Trend analysis

The Theil-Sen Slope and Mann-Kendall (MK) tests are less susceptible
to outliers(Li et al., 2018). Therefore, this study combined the Mann-
Kendall (MK) test and Theil-Sen median trend to analyze the spatio-
temporal characteristics of LST, LAI, SM and various meteorological
factors from 2001 to 2020. In this study, Theil-Sen Slope is considered
significant when the absolute Z of the MK test is greater than or equal to
1.96. The MK test is a nonparametric test method (Hamed, 2008; Hamed
and Rao, 1998; Libiseller and Grimvall, 2002).It often is combined with
Theil- Sen slope estimation to detect the changing trend of long-term
series data. The calculation formula is as follows:

N (X R) = S0 i X X YR o)
nx o iR (Zx’f:l)z

a =

where n is the research period, i represents the year number, and R; is
the value of the independent variable corresponding to the i- th year. o is
a linear trend value, >0 represents an increasing trend, otherwise it
represents a decreasing trend.

Define the Z statistic as:

S—1
—,5>0
v/ Var(S)
z=1{05=0 @)
S+1

—,5<0
Var(S)

among them:
n—1 n
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Fig. 1. Schematic diagram of the cooling effect of vegetation limited by SM and VPD. (The red arrow indicates the negative contribution value, he blue arrow is a

positive contribution value, Green solid box is the relative contribution rate).
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Var variance calculation formula:

n(n—1)(2n+5)

Var(S) = 18

(5)
where sign is a sign function, this paper judges the significance of the
change trend of the R factor at the significance level p = 0.05.

2.3. Correlation coefficient and partial correlation coefficient

In this paper, the correlation coefficient of GLDAS data of 0-10 cm
soil moisture in China is calculated, and the correlation coefficients of
LST and LAI with precipitation and temperature in time and space are
also calculated. The specific calculation method is as follows:

- SV =X) (Y =)
\/va:l (X; — Y)ZZ?’ZI (Y, - Y)2

In formula (6), X, Y,X, and Y respectively represent two variables and
the average value of variables, r is the correlation coefficient of vari-
ables, and n is the sample size.

Partial correlation analysis is called net correlation analysis, which is
used to analyze the linear correlation between two variables under the
condition of controlling the linear influence of other variables We used
the method of (Huang et al., 2020). to determine the significance of each
partial correlation, adjusted the p-value, determined the partial corre-
lation information between the two factors on the pixel, and then used R
to output the partial correlation. This study has 5 variables: LST LAI, Pre,
ET, Abldo, the formula of the fourth-order sample partial correlation
coefficient of any two variables LST and LAI is:

(6)

r

rist.lai_pre .Et — rist.Abldo_pre.Et.rlai.Abldo_pre.Et.
\/(1 — rlst‘Abldo_pre.Et.Z) (1 — rlai‘Abldo_pre.Et.z)
@)

In formula (7), .r istlai_pre,Et.Abldo T€pPresents the partial correlation
coefficient between LST and LAI after removing the influence of the
variables Pre, ET, and Abldo’ T Ist.Abldo_pre,Et. andr lai.Abldo_pre,Et represent
respectively the correlation between LST and Abldo, LAI and Abldo after
removing the influence of Pre and ET In addition, t-test is used to
determine the significance of the correlation between the two variables,
and if p < 0.05, the 95 % confidence significance test is passed, other-
wise, it is not significant.

rlst.lai_pre.Et.Abldo =

2.4. Assess the relative contribution of LAI and climate factors to LST

To analyze the relative contribution of SD, climate factors, and re-
sidual factors to LST changes,The method proposed by (Roderick et al.,
2007) is used to estimate the relationship among LAI, pre, ET, Abldo and
LST. This method has been widely used to evaluate the influence of
various interference factors on hydrological and meteorological changes
(Liu and Sun, 2016). we used the linear regression analysis (Liu et al.,
2019) to calculate the actual LST trend. Taking the corresponding LST
trend data as the dependent variable and each factor datum as the in-
dependent variable, the following equation is constructed:

dLST  dLAI 6LST+dET OLST dpre OLST ~ dAbldo OLST
dt ~ dt OLAI ' dt OET ' dt odpre dt  0Abldo (8)

= LAI _Con+ ET_Con + pre_Con + Abldo_Con 9

where % represents the Theil- Sen median trend of LST changes, %,

‘;’";—TT, %ﬁ, ;Lﬁ represent the partial derivative values between LST and
re * Oabldo

LAI, ET, PreandAbldo respectively. From the definition of the formula,
each partial derivative eliminates the influence of the other two vari-
ables, and is equal to the corresponding second-order partial cor-relation
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coefficient,Con_LAI,Con_ET, Con_Pre, and Con_Abldo represent the
contribution value of each factor to LST (Ge et al., 2021).

In order to separate the influence of LAI on LST from other influ-
encing factors, we assume that other influencing factors remain un-
changed, and use Pre, ET, Abldo and LAI data to quantify the
contribution rate of climate change and vegetation to LST(Ge et al.,
2021).The influence of hydro-climatic factors on LST is measured by
constant climate simulation, so the relative contribution of hydro-
climatic factors to LST is calculated as follows:

contr ISt = (AT TAT] + \Alsz.plrgliﬁl]s‘z.57| T abrAlbde < 100%  (10)
contr st = Rt prel + \Alst.inﬁlI.fArilt.Eﬂ T AbrAlbdo] < 100% (D)
contrIst = TS BT + |A1sz.pre|\AJI:t|fzg.LA1| T TabrAlbde < 100% (2
contr.Ist = |Alst.Albdol x 100% (13)

|Alst.Albdo| + |Alst.ET| + |Alst.pre| + |Alst.LAI|

In the formula, contr,Ist represents the contribution rate of climate
and vegetation factors to LST. Alst.LAIL, Alst.Albdo, AIst.ET, Alst.pre
indicates the partial correlation coefficients between vegetation,
reflectance, evapotranspiration and precipitation and surface tempera-
ture respectively.

2.5. Calculation of vapor pressure deficit

Monthly VPD (KPa) was calculated by subtracting the monthly actual
water vapor pressure (AVP) from the monthly saturation water vapor
pressure (SVP). SVP and AVP were calculated according to the Penman
formula and the method recommended by (Ding et al., 2018),

CRU : VPD = SVP — AVP a4
SVP = 6.112 x fiy x eTo-zits 15)
fw =1+7x107* +3.46 x 10°°P,,, (16)

b _p (T, +273.16)
T (T, + 273.16) + 0.0065 X Z

5.625
) a7

where Ta is the land air temperature (°C). Z is the altitude (m).Ppg is the
air pressure (KPa), and Pyl is the air pressure at mean sea level
(101.325 KPa).

2.6. Decoupling of VPD and SM

In order to decouple the effects of SM and VPD, we used equal width
binning as described by (Liu et al., 2020). The percentage SM per month
was divided into ten intervals for each pixel (0 %-10 %, 10 %-20 %, 20
%-30 %, 30 %—40 %, 40 %-50 %, 50 %-60 %, 60-70 %, 70-80 %, 80 %—
90 %, 90 %-100 %), and the difference between the highest VPD and the
lowest VPD corresponding to the LAI for each interval was calculated
and defined asALAI(VPD|SM):

~| —

I
ALAI(VPD|SM) =~ LAL,,, —LAlL,,, 18
i=1

where [ is the number of populated SM bins, i is the specific SM bin
number, and n; max and n; min are the maximum and minimum VPD bin
numbers in SM bin ;. Equally, SM limitation on LAI without SM-VPD
coupling (termed ALAI(SM|VPD)) was derived from the changes in
LAI from high SM to low SM at each VPD bin as follows::
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19)

)

1 J
ALAI(SM|VPD) = -} " LA, ~LAL
i=1

where J is the number of populated VPD bins, j is the specific VPD bin
number, mjmqe and mj, mi; are the maximum and minimum SM bin
numbers in VPD bin ;. The mean value of the bins was used to quantify
the respective effects of SM and VPD on LAIL

To reveal the relationship between SM, VPD, and LAI, an equal-width
binning method was used. When investigating the impact of SM on LAI,
VPD was divided into 10 bins according to percentages, while SM and
LAI also changed accordingly.based on binned averages, we fitted a
linear regression between SIF and VPD in each SM bin. Consequently,
the changes in LAI from lowest VPD bin to highest VPD bin from fitted
linear functions were assigned as ALAI(VPD|SM). Likewise, SM stress in
LAI (ALAI(SM|VPD) was also quantified.

2.7. Hurst index analysis and rescaling range analysis (R/S)

The Hurst index can quantitatively describe the degree of depen-
dence of a sequence over a long period of time; so, it can be used to judge
whether the future change in the sequence will be continuous. Then, the
degree of continuity is described by classifying the numerical values.
The assessment methods of the Hurst index mainly include the absolute
value method, aggregate variance method, rescaled range (R/S)analysis
method, periodogram method, Whittle method, residual variance
method, and wavelet analysis. In this study, we use Hurst index to es-
timate the sustainability of SM, VPD and cooling effect, and use rescaled
range (R/S) analysis method to study. Divide the long-term sequence
(X1,X3.....,Xp) into S non-overlapping subsequences (Xi1,Xi2...,Xjj,i =
1,2,3, ...,s,j = 1,2,3, ...,r)of length r. The specific calculation steps are as
follows:

(1) Time series mean Xij

_ 1 <

Xij =~ Xij(i=1,273...5j=123,..1 (20)
r
=1

(2) accumulative error Zij,

J
Zij = > (Xij = X§) (i=1,2,3,...,5,j = 1,2,3,....1) (21)

K=1

(3) extreme difference Ri,

R = max(zij) 7min(zi_i)(i =1,2,3,...,s) (22)

(4) standard deviation Si,

r

Si = 1;(XU7XI)2(1:1,2,3,...,S) (23)
(5) R/S,
Ri
RS:—:(i:I,Z,S.,...,s) (24)
(6) and derive the Hurst index by fitting the formula H:
LogRS = a+H'log(n) (25)

The Hurst index can be divided into three categories. First of all,
when the H index is between 0.5 and 1, the data series studied is a
persistent series, that is, it has long-term correlation characteristics. The
larger the H value, the stronger the persistence characteristics of the
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data series, the stronger the long-term memory of the data series, and the
stronger the ability to keep the past state. Secondly, when H = 0.5, it
shows that the data series studied is a random series, that is, there is no
long-term correlation; The third category is when the H index is between
0 and 0.5, which indicates that the data series studied has anti-
persistence, and its future change trend is opposite to the past change.
The smaller the H value, the stronger the anti-persistence characteristics
of the data series, which indicates that the data series has a stronger
mutation. In this study, the Hurst index value is divided into three
persistent categories: weak, medium , and strong, and the threshold
values are 0 < 0.5, 0.5, and 0.5 < 1, respectively, for spatial analysis
(Poveda, 2011).

3. Results and discussion
3.1. The cooling effect of vegetation greening

The confidence level of the MK test was 0.05, and the LAI and LST
trend values were divided into five levels according to the standard
(Table S1). We found that from 2000 to 2020, most parts of the world
were mainly turning green (Fig. 2a), and that the green area was about
9309.25 x 10* km?, accounting for 60.49 % of the total area. The most
significant increase in LAI was concentrated in the northern hemisphere,
especially in India and China (Chen et al., 2019). Although the global
warming trend was obvious, the daytime surface temperature (LST) did
not increase significantly in some areas where vegetation turned green,
but there was a cooling effect, for example, in most tropical areas,
temperate zones in the northern hemisphere, eastern Asia, and parts of
the northern frigid zone (Table S2; Fig. 2b). In terms of climate zone
classification, LST decreased significantly in tropical, temperate, and
boreal areas. In an area of 5876.5 x 10% kmz, the LST decreased
significantly; moreover, the area where LST decreased significantly was
consistent with the trend of vegetation greening in areas where the LAI
increased. While controlling precipitation and ET factors, the areas with
a significant cooling effect that were affected by vegetation greening
were mainly distributed in the northern hemisphere, concentrated
mainly in tropical and temperate regions, and accounted for >50 % of
the tropical and temperate regions (Fig. 2d). Precipitation (Pre) and
evapotranspiration (ET) are important factors affecting LST, and they
are also important mechanisms for LST to respond to vegetation changes
(Yu et al., 2021). An increase in greening will affect the surface condi-
tions and atmospheric circulation, reduce the surface albedo and air
resistance power, and increase ET (Forzieri et al., 2020; Zeng et al.,
2017). Partial correlation analysis showed that the LST in different re-
gions is affected not only by LAI but also by other factors. Following the
exclusion of factors based on partial correlation analysis, the vegetation
greening trend map and cooling trend map were superimposed, and the
cooling area caused by vegetation greening was obtained (Fig. 2c)
(2577.75 x 10* kmz, accounting for 43.87 % of the cooling effect area).
The greening rate of vegetation in this area was 0.207 + 0.024 m?/m?,
and the LST cooling rate was 0.065 + 0.009 °C/a (Fig. S2).To further
distinguish and quantify the relative contribution of each factor to LST
in different regions, we performed a linear regression analysis pixel by
pixel (Fig. 3a). On a global scale, LAI had the greatest influence (33.51
%) and was the most important factor controling the distribution and
change in LST, which is consistent with previous research results
(Roderick et al., 2007) that have reported similar influencing factors
(Pre:26.09 % , ET:22.36 % , Albedo:20.65 %) (Fig. 3b). Although the
factors were relatively close in the global scope, we found that the
contribution rate of ET in tropical areas was significantly higher than
that of Pre and closer to that of LAI, which is caused by the climatic
background; In the temperate zone, the influence of LAI(48.3 %) was far
greater than that of factors, and it was about 2.18 times that of precip-
itation (22.06 %), indicating that greening vegetation is an important
factor of the cooling effect.
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3.2. Influence of soil moisture and atmospheric vapor pressure deficit to
vegetation

VPD measures the difference between SVP and AVP at air tempera-
ture, which can be used to indicate the impact of water stress on vege-
tation growth and is a key determinant of plant photosynthesis (Eamus
et al., 2013). Soil moisture is the direct water source of vegetation,
which determines the growth of vegetation. As shown in Fig. 4a, in 74 %
of regions,SM is positively correlated with LAI, mainly in eastern
Australia, sub-Saharan Africa, India and eastern Asia, and in 36 % of
regions, SM is negatively correlated with LAI Fig. 4b shows that VPD
and LAI are negatively correlated in 81 % of regions, mainly in eastern
Australia, sub-Saharan Africa, India and eastern Asia,and in 29 % of the
regions, they are positively correlated. There is a strong negative cor-
relation between SM and VPD in space (Fig. 4c), and the area with
negative correlation between SM and VPD accounts for 89.32 % of the
global land area(66.71 % of them had a regional correlation coefficient
of <—0.3). Meanwhile, the difficulty in disentangling the respective
effects of SM and VPD stems from the fact that SM and VPD are strongly
coupled through land-atmosphere interactions (Seneviratne et al., 2010;
Zhou et al., 2019). However, as SM and VPD are strongly coupled, it is
possible that the correlation between SM and LAI is a byproduct of the
correlation between VPD and LA, or vice versa. As a consequence of SM-
VPD coupling, the correlations of yearly SM and VPD with LAI are very
similar globally (Fig. 3d). According to the above results, there is a
strong coupling between SM and VPD on the annual scale. To clarify the
influence of SM and VPD on vegetation change, it was necessary to
decouple SM and VPD. From year to month (Fig. S3), the coupling
largely remained across extensive areas, such as central South America,
Sub-Saharan Africa, India, and Southeast Asia, which is consistent with
previous findings(Liu et al., 2020). However, when binning the data into
10 bins according to percentiles of either SM or VPD per pixel, we found
that the correlation coefficient between SM and VPD in each bin become

approximately zero (Fig. S3). This shows that SM and VPD are generally
decoupled at a monthly scale in both the SM and VPD bins. The changes
in LAI from low VPD to high VPD without SM-VPD coupling (ter-
medALAI(VPD|SM)) can quantify the VPD stress on LAIL Likewise,
changes in LAI from high SM to low SM without SM-VPD coupling
(termedALAI(SM|VPD)) can quantify the SM stress on LAI (Fig. 5a c).
We found thatALAI(SM|VPD)) can is negative across most vegetated
land areas, robustly indicating the limiting role of low SM to LAI (Fig. 5a
b), wuich is understanding is consistent with previous research results
(Seneviratne et al., 2010; Stocker et al., 2018). ALAI(SM|VPD)is mainly
distributed in the northern hemisphere. But in terms of climate classi-
fication, it is mainly distributed in the temperate zone, arid zone and
frigid zone of the northern hemisphere. In contrast, ALAI(VPD|SM) is
smaller and closer to O in a large areas. However, ALAI(VPD|SM) ac-
counts for a large proportion in tropical Africa around the equator
(Fig. 5¢ d). Globally, a change from the wettest SM to the driest SM
under constant VPD reduces LAI by up to 14.9 % on average, where the
affected area accounts for 68.35 % of the world. And under stable SM,
the average impact of the change from low VPD to high VPD on LAI
(average decrease of 3.8 %) is less, with the affected area accounting for
34.19 % of the world.Locally, the areas where the strength of SM effects
on LAI (JALAI(SM|VPD)|) exceeds that of VPD effects (| ALAI(VPD|SM)|)
are widespread, which is also visible along the latitudinal gradient
(Fig. 5e,f). Generally speaking, in 68.35 % of the effective vegetation
area, | ALAI(SM|VPD)| is greater than | ALAI(VPD|SM)|; further,26.19 %
of the regional vegetation is mainly restricted by VPD which has been
confirmed by (Liu et al., 2020).

3.3. Comparison of vegetation cooling effects affected by soil moisture
and atmospheric vapor pressure deficit

According to the linear regression model, the changing trend of SM
and VPD from 2000 to 2020 has spatial heterogeneity (Fig. S4). The
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average annual decreasing trend of SM is significant, with a decrease
rate of 0.13 + 2.7 m?/m?, and the increasing trend of VPD is significant,
with an increase rate of 0.12 & 4.3 Kpa a~!. As shown in Fig. S4b d, VPD
is generally on the rise, accounting in 86 % of the global area, but in the
southwest coastal areas of China, central South America and eastern
Europe, it is declining; There is a decreasing trend in SM in 88 % of the
global area, and these areas spatially overlap with the areas exhibiting
an increasing trend in LAI (Fig. 2b). In summary, it has been prelimi-
narily confirmed that SM and VPD have a restrictive effect on the growth
of LAL and the effect has been spatially quantified. The vegetation re-
gion limited by SM and VPD, was extracted and further analyzed with
the cooling area caused by vegetation greening, and the change in the
relative contribution rate of vegetation to the cooling effect is discussed
below (Fig. 6).

The region with dry soil and restricted vegetation has an area of
3036.5 x 10* km?, accounting for 32 % of the regional vegetation re-
gion. Globally, the negative contribution area is 74 %(We counted the
sum of the positive and negative contribution areas in vegetation region,

which is limited by low SM, as 100 %), and in terms of climate types, the
negative contribution area in arid areas is as high as 91 % (Fig. 6b). This
shows that a change in the SM in arid areas has a significant influence on
vegetation change (Koster et al., 2004). The average contribution of LAI
to LST in this area is 2.7 % (negative contribution to the cooling effect)
(Fig. 6 a b). The area where VPD is increased and vegetation is restricted
is 1981.25 x 10* km?, and the average contribution of LAI to LST in this
area is 3.7 % (negative contribution to the cooling effect) (Fig. 6b); On a
global scale, the negative contribution area accounts for 64 %(We
counted the sum of the positive and negative contribution areas in the
vegetation region, which is limited by high VPD, as 100 %), and in terms
of climate types, it is also the most negative contribution area in arid
areas, accounting for 89 % of arid areas;, However, the negative
contribution area of the northern boreal zone also accounts for a rela-
tively large area, accounting for 82 % of the northern boreal region
(Fig. 6 c d). This is consistent with the spatial increase of VPD in space,
which shows that VPD is also an important factor that cannot be ignored
in restricting the cooling effect of vegetation. In the cooling effect area
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caused by vegetation greening, the contribution of vegetation to the
cooling effect is —4.2 % (positive contribution to the cooling effect)
(Fig. 6e). This proves that the change in SM and VPD weakens the
positive contribution of LAI to the cooling effect of LST by about 10.8 %,
and spatially, in >47 % of areas, soil drying and (VPD increase) atmo-
spheric drought may limit the greening of vegetation, thus weakening
the cooling effect and offsetting the cooling effect brought about by
some vegetation.

3.4. Sustainability research on the dual limitation of SM and VPD on the
cooling effect of vegetation

SM and VPD were analyzed using the Hurst coefficient (Fig. 7 a c).
The area with SM coefficient >0.5 accounts for about 77 % of the total
area, and the area with SM coefficient <0.5 accounts for about 23 % of
the total area; The region with VPD coefficient >0.5 accounts for about
82 % of the total area, and the region with VPD coefficient <0.5 ac-
counts for about 18 % of the total area. In combining these trends of SM
and VPD with their correlation coefficients with LAI (Fig. 7 b d), it is
found that the trend of decreasing SM and increasing VPD is more sus-
tainable than anti-sustainable areas, which proves that the global trend
of SM decrease and VPD increase will always be sustainable.The sus-
tainability of this trend will also continue to threaten the greening of
vegetation and limit the sustainability of its cooling effect. The strong
correlation region of LAI and LST decrease was superimposed with the
strong correlation and sustainable region of SM decrease and LAI
decrease and the strong correlation and sustainable region of VPD in-
crease and LAI decrease respectively (Fig. 8).The decrease in vegetation
will lead to an increase in albedo and a decrease in precipitation, which
will subsequently lead to the positive feedback of regional drought, and
the decrease in precipitation caused by vegetation degradation will
make the cooling effect unsustainable.The sustainability of the cooling
effect of vegetation greening is limited by SM and VPD in an area of
2103 x 10* km?, which accounts for 22.60 % of the vegetation greening

area.

This part of the region is significantly distributed in the northern
hemisphere temperate region, in the southern and southwestern regions
of China(SM:55 x 10* km? ; VPD:5.8125 x 10* km?), Russia(SM:80.5
x 10% km? ; VPD:49.375 x 10* km?), India(SM:9.125 x 10* km? ;
VPD:2.125 x 10* km?. Canada(SM:23.1875 x 10% km?;
VPD:29.3125 x 10* km?), Mexico(SM:10.75 x 10* km? ; VPD:3.375 x
10* km?), United States(SM:39.9375 x 10* km? ; VPD:23.625 x 10*
kmz)and tropical countries in central Africa (Fig. 8). In China, 15.83 %
of the areas are controlled by SM, 1.61 % by VPD and 5.83 % by SM and
VPD. In Russia, 17.88 % of regions are controlled by SM, 12.96 % of
regions are controlled by VPD, and 4.34 % of regions are jointly
controlled by SM and VPD. In the United States, 18.20 % of regions are
controlled by SM, 12.48 % of regions by VPD and 15.20 % of regions are
controlled by SM and VPD. In Mexico, 14.20 % of the regions are
controlled by SM, 4.32 % of regions are controlled by VPD and 6.84 % of
regions are controlled by SM and VPD. In Canada, 12.88 % of the regions
are controlled by SM, 13.68 % of regions are controlled by VPD and 8.78
% of regions are controlled by SM and VPD. This kind of vegetation
reduction caused by soil drying and atmospheric drought restriction is
strong and persistent, and this restriction cannot be ignored, as it will
pose a great threat and challenge to the cooling effect.

4. Discussion
4.1. Effect of SM and VPD on vegetation greening

Our study found that the drought stress was significant, and the VPD
increased significantly in about 64 % of regions, and the drying trend of
SM accounted for 76.35%of the soil moisture area. This is because under
the background of global warming, soil drying is serious, and the at-
mospheric saturation pressure difference is increasing, resulting in the
continued expansion of arid areas (Deng et al., 2020; Yuan et al., 2019).
The global arid areas have been expanding over the past 60 years and
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will continue to expand in the 21st century (Feng and Fu, 2013), and this

drought stress is a direct threat to global vegetation (Madadgar et al.,
2017). Low SM supply and high atmospheric saturation pressure dif-
ference are considered to be the two main driving factors of vegetation
greening stress (Madadgar et al., 2017), which will lead to widespread
tree death (Allen et al., 2010). This is because SM is the direct water
source of vegetation, which determines the amount of water that can be
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extracted by plant roots, and thus, low precipitation and SM are typi-
cally used as indicators to measure the drought stress of vegetation
(Stocker et al., 2018; Williams et al., 2010). High VPD may induce
vegetation to close stomata to reduce water loss at the leaf surface scale
and limit photosynthesis of plants (Oren et al., 1999). Furthermore,
Yuan et al. (2019) demonstrated that the atmospheric saturated pressure
difference (VPD) is the key variable that determines the photosynthesis
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of plants, and an increase in the atmospheric saturated pressure differ-
ence will limit the growth of vegetation. Seo et al. (2019) showed that
soil drying may reduce or even exceed the potential benefits of tem-
perature increase on photosynthesis.

Further, we found that SM and VPD are highly correlated, and there
is an ongoing debate on the relative role of SM and VPD in determining
the response of vegetation to dryness, because SM and VPD are coupled
through the land-atmosphere interaction (Seneviratne et al., 2010; Zhou
etal., 2019). Thus, we used the method of box decoupling to assess their
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individual effects (Liu et al., 2020). We found that compared with VPD,
SM plays a leading role in determining the drought stress of most (68.35
%) of land vegetation regions. Low soil water has obvious restrictions on
vegetation greening in mid-latitude areas, while high VPD has obvious
restrictions in areas near the equator (Liu et al., 2020). In some tropical
areas, SM and VPD have little influence on LAI because LAI is controlled
by radiation and temperature (Nemani et al., 2003). The results of this
study emphasize that soil drying and the increase in atmospheric satu-
rated pressure difference will limit the greening of vegetation to
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different degrees, and it is more conducive to clarify SM and VPD
limiting role when considering SM-VPD coupling, which will introduce a
new way to manage drought risk.

4.2. Comparative study on the sustainability limitation of the vegetation
cooling effect caused by soil moisture and atmospheric vapor pressure
deficit

Our research shows that the global trend of soil drying and atmo-
spheric drought will significantly limit the greening of some vegetation
and thus threaten the cooling effect in this region, and the cooling rate of
surface temperature will slow down. With the decrease in SM and the
increase in VPD, the contribution of vegetation to the cooling effect will
be weakened by 10.8 %.

Soil drying and atmospheric drought threaten the sustainability of
the cooling effect caused by vegetation greening, and this land-
atmosphere interaction phenomenon is reflected at different research
scales, whether regional or global(Baker et al., 2021; Sun and Qin,
2016). On a global scale, VPD is negatively correlated with vegetation
growth. The global average VPD increased rapidly in the 20th century,
which led to a slow decrease in the global average NDVI (Yuan et al.,
2019). This is consistent with our research results, which show that the
global VPD and LAI are significantly negatively correlated (Fig. 3b). In
addition, the decrease in SM supply, coupled with high evaporation
demand, leads to xylem vessel and rhizosphere cavitation (filled with
air), stops the flow of water, dries plant tissues and leads to plant death
(McDowell et al., 2008). Weisheimer et al. (2011) showed that under the
background of global temperature rise and population increase, the
trend of soil drying and atmospheric drought will be further aggravated,
which will lead to more people being exposed to extreme heat waves,
land degradation and other harsh environments. Green et al. (2019)
confirmed that the difference between SM and VPD can reduce the total
primary productivity (NPP) and limit vegetation growth through
terrestrial ecosystem stress, which will further aggravate the occurrence
of extreme climate due to land-atmosphere feedback. Furthermore, in
terms of climate, we found that the cooling effect of vegetation greening
exists (Fig. 2). This is because the continuous growth trend of LAI has
contributed to the overall evaporation-driven cooling effect, especially
in the arid and tropical environment with limited water resources
(Forzieri et al., 2017). This cooling effect will be significantly affected by
vegetation, that is, limited by drought stress, Zhou et al. (2021) showed
that soil drying reduces evaporation and condensation, and the surface
temperature on dry land will increase compared with that in wet and
marine areas. Henderson-Sellers and Gornitz (1984) found that when
the vegetation in the Amazon decreases, the surface reflectance in-
creases and ET decreases, and the surface temperature will increases
significantly, and the potential cooling effect is weaker than the
warming effect. Consequently, deforestation in the Amazon basin will
lead to an increase in the surface temperature. Zeng et al. (2017) used
the land-air global climate coupling model (GCM) to quantify the
response of global surface temperature change to vegetation greening
over the past 30 years. The results showed that the cooling effect is not
significant in eastern North America and East Asia. This is confirmed by
the conclusions of our research. Due to the limitations of soil drying and
atmospheric drought, the greening of vegetation is threatened, which
limits the sustainability of the cooling effect in eastern North America
and East Asia. Therefore, the influence of drought stress on the cooling
effect should be further considered in the future ecosystem drought risk
management.

4.3. Limitations of the study

In this study, the threats and limitations of soil drying and the in-
crease in atmospheric saturated pressure difference on the sustainability
of the vegetation cooling effect were evaluated, which promoted a
deeper understanding of the driving mechanism of soil-vegetation-
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atmosphere interactions. However, our research has some limitations
and uncertainties. First, in terms of SM data, we comprehensively
considered several sets of data and found that the dataset considered in
this study was the most suitable one, and thus, we only selected one set
of soil moisture data for our research. Second, the growth and greening
of vegetation will also be affected by other factors, but in this paper, SM
and VPD are mainly discussed. In addition, in the research on the cooling
effect, we mainly considered LAI, ET, Pre, and Albedo, and the total
contribution rate of the four factors in this paper is assumed to be 100 %,
because these four factors have been proven by many studies to be
dominant in the influence on LST. Furthermore, the focus of this paper is
on the influence of drought stress on vegetation in limiting the cooling
effect. Other influencing factors require further study and need to be
considered in future research, as well as the construction of more sci-
entific models or the development of more effective methods to deter-
mine the causal relationship between vegetation and cooling effect. In
view of these uncertainties and limitations, the next research will pro-
mote the dynamic computation of water-soil-bio-gas driving mechanism
as one of the important tasks, so as to better understand the land-climate
interaction mechanism on a global scale, These studies need to be carried
out as soon as possible to provide a scientific basis for global drought risk
management.

5. Conclusions

In this study, we used the box decoupling method, relative contri-
bution rate method, linear regression model, and Hurst index analysis
method to quantitatively evaluate the sustainable area of global soil
drying and the effect of increasing atmospheric saturated pressure dif-
ference on the vegetation cooling effect. The main conclusions are as
follows:

1) Vegetation is the most important contributor to the cooling effect,
with a contribution rate of 33.51 %. The cooling effect area caused by
vegetation greening is 2577.75 x 10% km? (accounting for 43.87 % of
the cooling effect area), and the cooling rate in this area is 0.065 +
0.009 °C/a.

2) The restricted area of SM (68.35 %) to LAI is larger than that of VPD
(34.19 %). With a decrease in SM, LAI will decrease by 14.9 % on
average, and with an increase in VPD, LAI will decrease by 3.8 % on
average.

3) Innearly 47 % of the area, the dryness stress will limit the greening of
vegetation. With the dryness stress, the contribution of LAI to the
cooling effect has been weakened by 10.8 %.

4) The sustainability of the cooling effect of vegetation greening is
limited by SM and VPD, and the area is 2103 x 10* km?.
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