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Abstract Greening of Northern China and the Tibetan Plateau (NCTP) has been observed by increases

in the remotely sensed leaf area index (LAI), driven primarily by CO, fertilization effects, anthropogenic
warming, and the implementation of ecological restoration programs. Continued growth of LAI throughout

the 21st century is also projected by the Coupled Model Intercomparison Project Phase 6 (CMIP6) scenarios.
However, the question of whether local water resources can sustain ongoing grassland greening has not been
adequately investigated. Here we assessed the sustainability of water resources under grassland greening

across NCTP under various climate scenarios using water yield (WY, defined as precipitation minus actual
evapotranspiration) as the key metric. Unexpectedly, we observe the coexistence of increases in LAl and WY in
most of NCTP. In a warming climate with increasing precipitation and CO,, we find that grasses maintain high
water use efficiency to sustain their growth, contributing to continued local water resource availability. Thus,
livestock production may also continue to increase under the simultaneous growth of LAI and WY in the future.

Plain Language Summary The greening of Northern China and the Tibetan Plateau (NCTP) has
been observed through increases in remotely sensed leaf area index (LAI), driven primarily by ecological
restoration programs, climate change, and CO, fertilization effects. While continued growth of LAI throughout
the 21st century is projected by Coupled Model Intercomparison Project Phase 6 (CMIP6) scenarios, there is
limited understanding of whether local water resources may sustain the ongoing process of grassland greening
in the context of more frequent and severe drought conditions under global warming. Using three schemes
considering plant physiological and hydrological feedbacks toward climate change, our study unveils changes in
regional water sustainability (i.e., water yield) under grassland greening across NCTP over the past four decades
and up to the end of the 21st century. Surprisingly, we observe the coexistence of future grassland greening

and enhanced water resource availability in most of NCTP. Moreover, increased precipitation from atmospheric
transport and evaporation recycling, coupled with a warming climate and rising CO, levels, enables grasses to
maintain high water use efficiency, sustaining their growth and contributing to the availability of local water
resources. Additionally, projections suggest that the area occupied by livestock production across NCTP may
continue to grow due to the simultaneous improvement in grassland and water resource availability.

1. Introduction

Grasslands account for approximately 30% of the global land surface (Lemaire et al., 2011) and possess critical
ecosystem functions (e.g., regulating water cycles, storing carbon, controlling erosion, and providing livelihoods
for living things) (Bengtsson et al., 2019). In China, nearly 40% of the land is covered by grasslands, 78% of
which is distributed in Northern China and the Tibetan Plateau (NCTP) (Chen & Wang, 2000). Since the 1950s,
desertification has been widespread in such arid and semi-arid regions. Wind erosion and freeze-thaw erosion are
the main climate drivers of grassland degradation, whereas the cultivation of crops or pine trees and overgrazing
are the main anthropogenic drivers (Bardgett et al., 2021; Li, C et al., 2021). Since 1978, to mitigate desertifica-
tion, large ecological projects (such as the Three-North Shelter Forest Program and the Grain for Green Program)
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have been implemented across the NCTP region (Li, C et al., 2021; Lu, F et al., 2018). The degradation trend
was reversed over the past two decades (Bryan et al., 2018), and the greening of NCTP has been observed by the
increasing remotely sensed leaf area index (LAI) (Chen, C et al., 2019; Piao et al., 2020). Widespread greening
has been driven mostly by CO, fertilization effects (Piao et al., 2020; Zhu et al., 2016) and large-scale ecological
restoration (Jiang, P et al., 2022; Niu et al., 2019), but has also been affected by increases in warming and precip-
itation (Maina et al., 2022).

LAI projections under multiple scenarios of the Coupled Model Intercomparison Project (CMIP) indicate contin-
ued grassland greening throughout the 21st century (Piao et al., 2020). However, such greening may threaten
the sustainability of water resources in these drylands (where actual evapotranspiration (ET,) may account for
more than 90% of precipitation (Pilgrim et al., 1988)) by inducing greater water consumption through ET, (Lu,
J et al., 2021; Yu et al., 2021). During the historical period, grassland greening in NCTP was supported mostly
by increased precipitation (Miao, L et al., 2021; Zhao, W et al., 2020). However, drought conditions in North-
ern China are projected to become more frequent and severe under global warming (Miao, L J et al., 2020; Su,
B et al., 2021), with increasing impacts of droughts on ecosystem stability in drylands (Zhang, Y et al., 2022).
Therefore, the question of whether regional water resources can sustain ongoing grassland greening needs to be
investigated.

Recent studies have focused on the historical effects of vegetation greening on the sustainability of water
resources, with limited research on future possible changes. It is shown that grassland greening has reduced the
sustainability of regional water resources (Bai et al., 2020; Li, J et al., 2017; Zhao, M et al., 2021), using scenarios
with and without grassland greening, based on hydrological models or standalone ET, estimation methods (Lan
et al., 2021; Zhang, J et al., 2022; Zhao, M et al., 2021). However, the interplay between vegetation greening and
water resource sustainability is complex and the influence of increasing water use efficiency (Pastore et al., 2019)
(i.e., WUE, the ratio of gross primary production (GPP) and ET,) and intensified evaporation recycling accom-
panied by greening (Hoek Van Dijke et al., 2022) also needs to be considered.

Drought events and continuously elevated atmospheric CO, tend to force vegetation to reduce excess water losses
through partially closing stomata, thus increasing WUE (Pastore et al., 2019; Skelton et al., 2015). Such plant
physiological feedback has the potential to alleviate the water stress caused by increasing LAI. Factors including
climate warming, increased drought events, and elevated CO, that drive the above physical reactions are likely to
persist in the future; therefore, increased WUE should be considered in any projections of future water resource
availability. In addition, increased ET, induced by greening would contribute to local and downwind precipita-
tion (i.e., evaporation recycling), with varying effects on water yield (i.e., WY, defined as precipitation minus
ET)) in these areas (Piao et al., 2020; Zeng et al., 2018). Evaporation recycling alone may induce higher WY,
especially in drylands (Zhou et al., 2021), while the combined influence of Earth's greening and evaporation
recycling may even reverse such positive effects on regional water resources in drylands (i.e., decreasing WY)
(Zeng et al., 2018). This complex hydrological feedback involved in the context of grassland greening should not
be ignored, because ongoing greening is likely to continue intensifying evaporation recycling (Cui et al., 2022;
Wang, X et al., 2021; Zeng et al., 2018).

Here we used WY to assess the sustainability of water resources under the effect of continued grassland green-
ing in NCTP during 1982-2100, with an experimental design combining diagnostic and prognostic models for
ET, estimation. Diagnostic ET, models that do not rely on precipitation as input have been shown to better
retrieve historical ET,, and employ different mechanisms compared to prognostic models (Yilmaz et al., 2014).
Comparison between diagnostic and prognostic model-based ET estimates and their combination can therefore
be informative for the analysis of WY. The relatively independent diagnostic Penman-Monteith (PM) method
(Allen et al., 1998) was applied to obtain ET, estimates for the entire study period (during 1982-2100), primarily
influenced by atmospheric water demand and vegetation greening. To estimate the competing effects of green-
ing, increased WUE, and intensified evaporation recycling on WY during 2019-2100, two other ET, schemes
based on CMIP6 (the latest phase of the CMIP) projections across NCTP were used (i.e., prognostic estimates).
To reflect future changes in livestock production under grassland greening, stocking herbivore numbers in four
major provinces of NCTP were projected, given changes in the natural grazing environment. We assess how
WY is projected to evolve across NCTP throughout the 21st century under the combined effects of vegetation
greening, increased WUE, and intensified evaporation recycling, considering plant physiological and hydrolog-
ical feedbacks. These projections could help facilitate grassland management globally and provide insights into
whether grassland restoration is subject to water resource availability.
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Figure 1. Boundaries of three grassland vegetation regions (Su, Y et al., 2020) in NCTP and locations of 25 flux stations.
The background shows land cover data (CLCD) (Yang & Huang, 2021) in NCTP and its surrounding areas in the year 2000,
as well as boundaries of six main provinces (gray outlines).

2. Materials and Methods
2.1. Study Area

Here we focus on the effects of grassland greening, increased WUE, and intensified evaporation recycling on
historical and future WY across NCTP (Figure 1). China land cover data (CLCD) (Yang & Huang, 2021) show
that grassland (~50%) is the dominant land cover across the entire NCTP region, followed by barren land (~30%)
and cropland (~10%). According to grassland types from the digitized 1:1 million vegetation atlas of China
(Su, Y et al., 2020), the NCTP region can be divided into three sub-regions (Figure 1), based on the dominant
vegetation type, that is, temperate grassland (region I), temperate desert (region 1), and alpine vegetation of the
Qinghai-Tibet Plateau (region III). Typical steppe and sandy grassland are the major grassland ecosystems for
region I, and alpine meadow and alpine steppe are the main grassland types for region III, whereas region II is
covered mostly by temperate desert steppe (Li, L et al., 2020). Most grasslands are located in drylands with an
aridity index below 0.65 (Li, C et al., 2021), where regional water resources are vital for plant biodiversity and
ecosystems.

2.2. Data for Estimating Water Yield During 1982-2018

During 1982-2018, WY (at the daily timescale and 0.07° spatial resolution) was calculated using precipitation
from the China meteorological forcing dataset (CMFD) (Yang et al., 2019) and ET, estimated by the diagnostic
PM model. The PM model requires climate forcing data, LAI, and land cover as inputs, listed in Table 1. CMFD
daily climatic forcing data during 1982-2018 were used. The GLASS LAI during 1982-2014 (Xiao et al., 2016)
and GLOBMAP LAI during 2001-2018 (Liu, Y et al., 2012) were used at an §-day temporal resolution. GLASS
LAI over the period 1982-2000 was corrected for each pixel by deducting the mean annual difference between the
two datasets during 2001-2014. The two datasets were then resampled to the daily timescale based on the spatio-
temporal linear interpolation method (Zhang, C et al., 2021). The CLCD land cover map (Yang & Huang, 2021)
in 1985 was used to represent the land cover during 1982-1989, and the CLCD land cover maps in the corre-
sponding year were used for the period from 1990 to 2018. In addition, historical WUE (used in the projection of
GPP-based ET, during the future period) was calculated from GLASS GPP and PM ET,. Furthermore, historical
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Table 1

List of Datasets During 1982-2100 Used for Estimating ET, and WY in This Study

Data set

Variable

Spatiotemporal resolution Time span

Reference

Historical CMFD

GLASS
GLOBMAP
CLCD
GLASS
Future CMIP6

Precipitation

Air temperature, surface pressure, specific humidity,
wind speed, downward solar radiation

Leaf area index (LAI)

LAI

Land cover

Gross primary production (GPP)
Precipitation

ET,

Air temperature, surface pressure, specific humidity,
wind speed, downward solar radiation, LAI

GPP

0.1°, daily 1982-2018

0.05°, 8-day
0.07°, 8-day

1982-2014
20012018
1985, 1990-2019
1982-2018
2015-2100

30 m, yearly
0.05°, 8-day

Different spatial resolutions
for 14 models, monthly

Different spatial resolutions

He et al. (2020)

Xiao et al. (2016)
Liu, Y et al. (2012)
Yang & Huang, 2021
Liang et al. (2021)
Eyring et al. (2016)

for 9 models, monthly

variables (including climatic forcing data, LAI, precipitation, ET,, and GPP) during 2015-2018 were used for
bias correction of the corresponding CMIP6 variables.

2.3. Data for Projecting Water Yield During 2019-2100

During 2019-2100, WY was projected using the bias-corrected CMIP6 precipitation (denoted as CMIP6-based
precipitation) and three ET, schemes (i.e., PM ET,, GPP-based ET,, and CMIP6-based ET,, see Section 2.5).
Projected WY was obtained at the monthly timescale and ~0.94° spatial resolution. CMIP6 (Eyring et al., 2016)
outputs, including meteorological (e.g., precipitation and air temperature), land surface (i.e., LAI and GPP), and
hydrological variables (i.e., ET,) were used, listed in Table 1. CMIP6 projected data from 15 general circulation
models (GCMs, Table S1 in Supporting Information S1) under future scenario experiments during 2015-2100
were used, with output during 2015-2018 used for bias correction. Shared socioeconomic pathways 1, 2, and 5
and representative concentration pathways 2.6, 4.5, and 8.5 were selected from the Scenario Model Intercom-
parison Project, and denoted as the SSP126, SSP245, and SSP585 scenarios, respectively. In addition, CMIP6
projected LAI and climatic forcing data at the monthly timescale were used to generate ET, with the PM model.
Note that land cover is assumed to remain constant during the future period, so the CLCD land cover map for
2019 was used in the PM modeling for the period 2019-2100. This is because according to projected land cover
fractions of most CMIP6 models (seven out of eight models shown in Table S1 in Supporting Information S1),
maximum changes in land cover for grassland, barren, and crop between 2100 and 2019 only account for 2.5%,
1.5%, and 1.7% of the entire NCTP region, respectively. Furthermore, CMIP6 projected GPP and ET, at the
monthly timescale were used to obtain ET, under the assumed constant trend in WUE (denoted as GPP-based ET),)
and ET, constrained by historical ET, estimates during 2015-2018 (denoted as CMIP6-based ET,), respectively.

2.4. Data for Validating Historical ET, Estimates

Measured ET, data at the daily timescale from 25 flux towers (Table S2 in Supporting Information S1) using
the eddy covariance system were used to validate historical ET, estimates. These data can be accessed from
the National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/), Fluxnet2015 (https://fluxnet.org/data/flux-
net2015-dataset/), the China Science Data Website (http://www.csdata.org/p/), the Data Shared Service Center of
the China National Ecological Science Data Center (http://www.cnern.org.cn/), and the Institute of Water Science
in Pastoral area of the Ministry of Water Resources. To maintain the consistency of data at these flux sites, the
energy balance closure correction was not performed. To show the performance of PM ET, estimates during the
historical period, seven global ET, products (Table S3 in Supporting Information S1) were used for comparison,
including GLEAM 3.5a and 3.5b ET, (Martens et al., 2017), GLASS ET, (Liang et al., 2021), PML ET, (Zhang,
Y Qetal., 2016), AVHRR ET, (Zhang, K et al., 2010), FLUXCOM ET, (Jung et al., 2019), and BESS ET, (Jiang
& Ryu, 2016).
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Figure 2. Flowchart of historical estimation and future projection of WY. Rectangles in gray and blue denote data and
methods used in this study, respectively. Arrows in red, blue, and orange show calculation processes of PM ET,, GPP-based
ET,, and CMIP6-based ET,, respectively. HUSS, Wind, TEM, PS, and RSDS are specific humidity, wind speed, air
temperature, surface pressure, and downward solar radiation, respectively.

2.5. Methodology

A flowchart of historical estimation and future projection of ET, and WY is shown in Figure 2. During 1982-2018,
only WY based on diagnostic PM ET, was generated with CMFD precipitation (Equation 1). To evaluate the
impacts of grassland greening on the sustainability of water resources during 2019-2100 considering plant phys-
iological and hydrological feedbacks, three ET, schemes (PM ET,, GPP-based ET,, and CMIP6-based ET,) were
used, in combination with CMIP6-based precipitation. Output from 14 GCMs (Table S1 in Supporting Informa-
tion S1) that have all input variables of the PM method and ET, was selected to obtain PM ET, and CMIP6-based
ET,, whereas output of nine GCMs (Table S1 in Supporting Information S1) that have GPP projections was used
to obtain GPP-based ET,. Projected variables used for the future period in the analysis were all multi-model mean
values.

WY =P — ET, €))
where WY is the water yield (mm); P is the precipitation (mm); and ET, is the evapotranspiration (mm).
2.5.1. Estimation of PM ET,
The primary equations of the PM framework (Allen et al., 1998) are shown below (Equation 2—-12).

AR, - G) + 22
n N

AET, = @)

A+y<l+§—;)

_ Rsl
= LAT x leafupe 3)

C

where A is the latent heat of vapourization (J-kg™!), with the default value of 2.45; A is the slope of saturated vapor
pressure and temperature curve (mb K=1); R_ is the net radiation (W m~2); G is the soil heat flux (W m~2); p is the
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air density (kg m~3); ¢, is the heat capacity of moist air at constant pressure (J kg~! K~1); V,p, is the vapor pres-
sure deficit (mb); R, is the aerodynamic resistance of heat transfer (s m~'); y is the psychrometric constant (mb
K~1); R, is the canopy stomatal resistance (s m~!), calculated with Equation 3; R, is the minimum (non-stressed)
stomatal resistance of a single leaf, with the default value of 167; LAl is the leaf area index (m? m~2); leaflype is
the stomatal leaf that is bilaterally (i.e., leaf[ype set to 2) or unilaterally (i.e., leaflype set to 1), default as unilaterally.
A modification was made in the calculation of aerodynamic roughness length for heat transport (z,;,) which is
used to obtain the aerodynamic resistance of heat transfer (R,). The adjustment parameter (kB) that reflects the
difference in resistance between heat and momentum transfer (z;,, in Equation 4) was an important parameter
for one-source energy balance models (e.g., PM). The value of kB was found to decrease with increases in LAI
(Lhomme et al., 2000) and its maximum value could be up to 11.1 (Kustas, W. P. et al., 1989). Therefore, we used
Equations 5 and 6 to compute kB instead of the original default value of zero.

Z
ZoH = e(k_mt/?l (4)
kB=(1-f)x12 ®)
fc — 1 _ e(—OASXLAIxQ) (6)

where z,;; and z,, are the aerodynamic roughness length for heat and momentum transport (m), respectively; kB
is the adjustment parameter (—); f; is the fraction of vegetation cover (—), and its calculation is based on published
work (Zhang, C et al., 2021); and Q is the clumping factor for vegetation (—), with a default value of 0.83 for
grassland.

The method to calculate net radiation (R, Equations 7-11) originates from the two-source energy balance model
(Kustas & Norman, 1999), with the fraction of vegetation greenness (f,) used to calculate the leaf absorptivity of
visible and near-infrared band (Zhang, C et al., 2021) simplified as Equation 9.

Ry = Rus + Ry @)

Rus = Sne + Sns ®)

. =095 X% f. )

R, = emis X (Ld - 671,.,114) (10)

Ly = emisym X 6 X (Tym — lapse X zT)4 1)

where R, ; and R, | are the net shortwave and net longwave radiation (W m~2); S, _and S, ; are the net shortwave
radiation for canopy and soil (W m~2); emis is the surface emissivity (—), with a default value of 0.95; L, is the
downward longwave radiation (W m~2); & is the Stephan Boltzmann constant of 5.67e=® W m=2 K=% T, is the
air temperature (K); emis,, is the effective atmospheric emissivity (—); lapse is the moist-adiabatic lapse rate (K
m~!); and zy is the air temperature measurement height, with a default value of 2 m.

The method to calculate the soil heat flux (G) is shown in Equation 12. The commonly used method to calculate
G shows significant overestimation and cannot reflect the negative value of G during the non-growth period of
grass (Gu et al., 2005; Purdy et al., 2016), including periods of January-April and October—December. G is higher
during the grass growth period from April to August, consistent with variations in f,. Therefore, Equation 12 was
used in this study. The ratio of 0.16 in Equation 12 was obtained by the commonly used default ratio of 0.31
(Purdy et al., 2016) multiplied by 0.5, and the value of —0.06 was referred to as the average ratio of G to R, meas-
urements during the post-growth period of grass (Gu et al., 2005).

G = Ry X (0.16 X f. — 0.06) (12)

2.5.2. Estimation of GPP-Based ET,

The trend in annual WUE during 1982-2018 was kept constant, and GPP-based ET, at the annual timescale was
obtained using CMIP6 GPP___ (bias-corrected CMIP6 GPP) and projected WUE in the respective year during
2019-2100 (Equations 13 and 14). The regression between historical WUE and year number was performed for

corr
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each pixel, after the historical WUE during 1982-2018 was aggregated to match the spatial resolution of CMIP6
projections (~0.94°).

WUE, =a+bx y (13)
ET, Gpp-based.y = GPPcmips corry + WUE, 14

where WUE | is the water use efficiency for the y year during 2019-2100; a and b are the fitted intercept and slope
using historical WUE and year number during 1982-2018, respectively; and ET, gpp pased, y A4 GPPoypips, corr, y A1€
the annual GPP-based ET, and CMIP6 GPP___ for the y year during 2019-2100.

corr

2.5.3. Correction for CMIP6 Projections

Three bias correction methods were used to correct different variables, including the delta approach, ratio method,
and quantile mapping (Gudmundsson et al., 2012; Wood et al., 2004). The CMIP6 climatic forcing data includ-
ing air temperature, surface pressure, and downward solar radiation during 2019-2100 were corrected using the
delta approach, as shown in Equation 15. These CMIP6 data for the separate months were corrected using the aver-
age bias of spatially averaged values for grassland pixels between historical data and CMIP6 data for the corre-
sponding month during overlapping periods (i.e., 2015-2018). For CMIP6 projections of LAI, specific humidity,
wind speed, ET,, and GPP data, the ratio method was used (i.e., Equation 16). CMIP6 projected precipitation was
corrected using the cumulative distribution function matching-based quantile mapping (Equations 17 and 18).
Equation 18 is used to map the raw CMIP6 variable to the same distribution as the historical variable. Namely,
raw CMIP6 precipitation for a given month was multiplied by the ratio of corrected spatially averaged CMIP6
precipitation for grassland pixels and the original one for the corresponding month.

Results (Figures S1 and S2 in Supporting Information S1) show that temporal variations in monthly corrected
CMIP6 variables during 2015-2018 are consistent with variations of historical data, indicating the suitability
of the bias correction methods for different variables. To further reduce errors that still exist after bias correc-
tion (Figure S2 in Supporting Information S1), we deducted the deviation between the corresponding spatially
averaged values of projected WY and historical WY in 2018, when obtaining the spatially averaged WY and the
spatial pattern of WY for NCTP and the three sub-regions.

2018

(Xonyi = Xnhyi)
, , hy:zzms o g (15)
XL, =X, - 2

Ci

2018

(Xoonyi = Xnnyi)
, . hy:zm o ’ (16)
X = Xo.y,i - 4

c.yi

Xeyi = Fy (Foi(Xoy)) a7

Xeyi
! _ oYl !
Xc,y,i - X_ X Xo,y,i

(18)
where X'_ ; and X', . are the corrected and original CMIP6 data for month i in y year, respectively; subscript
y ranges from 2019 to 2100; X, ;
from original CMIP6 data and historical data for month 7 in Ay year, respectively; subscript &y is the overlap
years (2015-2018) between historical data and CMIP6 data; F; is the cumulative distribution function (CDF)
for

and X, , ; are the area-weighted spatial averages for all grassland pixels

of original area-weighted spatial averages for all grassland pixels from CMIP6 data for month i (i.e., X, ;
y ranging from 2019 to 2100); F, h,iil is the inverse CDF corresponding to area-weighted spatial averages for all
grassland pixels from historical data for month i (i.e., X, ; for hy ranging from 2015 to 2018); and X_ ; is the
corrected area-weighted spatial averages of all grassland pixels from CMIP6 data for month i for y ranging from

2019 to 2100.
2.5.4. Projection of Herbivore Stocking Numbers

Based on CMIP6 data, stocking numbers of herbivores (i.e., sheep and cattle) during 2019-2100 in four major
provinces/autonomous regions (i.e., Inner Mongolia, Qinghai, Tibet, and Xinjiang) of NCTP were projected from
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Figure 3. Scatterplots of PM ET, (a) and seven global ET, datasets (i.e., GLEAM 3.5a ET, (b), GLEAM 3.5b ET, (c),
GLASS ET, (d), PML ET, (e), AVHRR ET, (f), FLUXCOM ET, (g), and BESS ET, (h)) against measured ET, for 14 flux
stations at the monthly timescale, as well as the respective statistical metrics and regression of fitted lines.

CMIP6 variables, using multiple linear regression on historical data (Equation 19). Reported stocking numbers
of herbivores during the historical period were obtained from provincial statistical yearbooks. Validation results
(Figure S3 in Supporting Information S1) show the appropriateness of multiple linear regression to estimate
herbivore stocking numbers for different provinces/autonomous regions, with a coefficient of determination (R?)
of modeled stocking numbers of herbivores against reported numbers of 0.82. For the future projection, the
(bias-corrected CMIP6 LAI), CMIP6-based ET,, CMIP6-based
(bias-corrected CMIP6 air temperature) were used. Lastly, when obtaining the

area-weighted spatial average of CMIP6 LAI
precipitation, and CMIP6 TEM
final projected stocking numbers of herbivores for respective provinces/autonomous regions during 2019-2100,

corr

corr

the corresponding deviation between modeled and reported numbers in 2019 was deducted.
Herbivoreumper = a1 + b1 X LAI + by X ET, + b3 X P + by X Tam (19)

where a,, b,, b,, b;, and b, are fitted parameters.

3. Results
3.1. Validation of ET, Estimates With the Diagnostic PM Method

The diagnostic PM approach was used to project ET, for comparison with prognostic ET, results during the
future period; therefore, accurately estimating ET, during the historical period is crucial. To verify the accuracy
of ET, estimation with the PM framework, measured ET, data (Table S2 in Supporting Information S1) at 25 flux
stations under grassland shown in Figure 1 were used for validation at daily and monthly timescales during the
historical period. Seven other global ET, datasets were used for comparison (Table S3 in Supporting Informa-
tion S1). Based on statistical metrics against measured ET, (Figure S4 in Supporting Information S1), PM ET,
at the daily timescale shows higher accuracy than GLEAM 3.5a ET, (Martens et al., 2017). Performance of PM
ET, at the monthly timescale was comparable with that of three global ET, datasets (GLEAM 3.5b ET, (Martens
etal., 2017), PML ET, (Zhang, Y Q et al., 2016), and BESS ET, (Jiang & Ryu, 2016)), and outperformed perfor-
mance of the other four ET, datasets (Figure 3).

Temporal variations in WY across NCTP during the historical period were examined using PM ET, and five other
ET, products (GLEAM3.5a ET,, GLASS ET, (Liang et al., 2021), PML ET,, FLUXCOM ET, (Jung et al., 2019),
and BESS ET,), chosen for their timespan and performance (Figures 4a—4d). Precipitation from the CMFD (He
et al., 2020) was used to reflect changes in water supply, given its better performance across NCTP than the
other three global precipitation datasets (Figure S5 in Supporting Information S1). Results show that interannual
variations in WY based on PM ET, and the other four ET, datasets are consistent in NCTP (Figure 4a), except for
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Figure 4. Temporal variations (a—d) and trends (e-h) in the annual leaf area index (LAI) and annual water yield (i.e., WY, calculated from the CMFD precipitation
dataset and PM ET, and the other five ET, products) for NCTP and three sub-regions during 1982-2018. The insert in the upper left corner of subplot a shows the
boundaries of NCTP and three sub-regions. In subplots a—d, linear trends fitted to the six WY datasets (i.e., the f§ coefficients) and annual LAI (i.e., 3, ,;) are shown
and marked with “**” (with the Mann-Kendall test at a 5% significance level). In subplots e-h, bars are trends in annual WY calculated using PM ET,, GLEAM 3.5a
ET,, GLASS ET,, PML ET,, FLUXCOM ET,, and BESS ET,. Fitted linear trends in annual LAI (i.e., f ,;, in the lower left of each plot) and annual WY (i.e., values
represented by bars) for two periods during 1982-2000 and 2001-2018 were marked with “**” (with the Mann-Kendall test at a 5% significance level) in subplots e-h.

the WY based on PML ET, (due to the inconsistency in region III). As for the three sub-regions (Figure 4b—4d),
among the five ET, products, the magnitude and trend of WY based on PM ET, is consistent with that of WY
based on GLEAM3.5a ET,. These results indicate the suitability of PM ET, for the analysis of historical WY as
well as for projected WY. If not stated otherwise, the following analysis during the historical period used PM
ET,-based WY.

3.2. Analysis of Water Yield During the Historical Period

Annual WY in NCTP is always positive during 1982-2018 (Figure 4a), whereas WY for the three sub-regions
shows different characteristics over the past four decades, implying the probably diversified outcomes of their

ZHANGET AL.

9 of 21

85U801 SUOWILLIOD 8A1e8.D 8|qeot|dde au Aq peusenob afe sejonfe YO 88N JO S3|NJ oy Akeiq18uljUO /8|1 UO (SUOIPLOD-PUR-SLLBYWOD A8 1M ATRIq 1 BUI|UO//SANY) SUORIPUOD pue SWwid | 38U} 89S *[7202/20/80] uo Ariqiiauluo AjIm ‘AiseAlun pioyxO Aq LE070043€202/620T OT/I0p/wod Aa|m Areiqeuluosgndnbey/sdny woiy pepeojumoq ‘ZT ‘€202 ‘LLZ8ZET



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Earth’s Future 10.1029/2023EF004037

WY in the future. Grass growth in region II appears to be continuously depleting regional water storage, because
annual WY is consistently below zero (Figure 4c). Grass growth in region III is not constrained by water supply
with annual WY always greater than zero (Figure 4d), whereas annual WY in region I fluctuates around zero
(Figure 4b). Meanwhile, temporal variations in annual WY were ahead of those in LAI for regions I and III for
1-2 years with their correlation coefficients ranging from 0.45 to 0.73, whereas this is not the case for region II.
This suggests that grass growth in region II is not as dependent on precipitation as in regions I and III, but relies
more on glacier and snow meltwater (Chen, Y et al., 2015; Luo et al., 2018).

Ecological restoration programs have driven strong vegetation growth since the early 2000s, with a negative effect
of increased vegetation cover on water resources (Zhao, M et al., 2021). Here, for the period during 1982-2018,
we find that annual WY across the entire NCTP region increased synchronously with annual LAI, particularly
for regions II and III (Figure 4c—4d). Nevertheless, trends in annual WY during 2001-2018 based on the six ET,
products across NCTP and three sub-regions are generally opposite to the trends observed during 1982-2000
(Figure 4e—4h). Annual WY based on the six ET, products in regions II and III showed a decreasing trend during
2001-2018 while annual LAI continued to increase. This indicates that grassland greening may have a nega-
tive impact on regional water resources during the historical period, particularly for region II without sufficient
precipitation to meet the water consumption of grassland.

Spatial patterns of mean annual WY based on PM ET, and LAI during 1982-2000 and 2001-2018 were examined
as well as the difference of each variable between the two periods. There is no obvious correspondence between
the spatial patterns in mean annual WY and LAI (Figure 5), indicating that grass growth is also constrained
by other factors (e.g., air temperatures in high mountain areas of region III (Zhao, W et al., 2020)). Temporal
changes in mean annual WY respond to changes in LAI (Figures 5c and 5f), because areas with opposite signs
of ALAI and AWY (i.e., ALAI > 0 and AWY < 0; ALAI < 0 and AWY > 0) between two periods accounted
for ~62% of grassland in NCTP (Figure Sh). Note that A denotes the value during 2001-2018 minus the value
during 1982-2000. Areas with positive ALAI and negative AWY accounting for 27% of grassland across NCTP,
are primarily located in the south of NCTP ranging from 85°E to 115°E. Potential negative impacts of grassland
greening on regional water resources in these regions require more attention. More positively, 64% of grassland
in NCTP had higher WY during 2001-2018 than 1982-2000, although 56% of grassland in NCTP had higher
LAI during 2001-2018 than 1982-2000 (Figure 5h). Areas with positive ALAI and AWY accounted for ~29%
of grassland in NCTP, located mostly in region III. Therefore, the complex effects of grassland greening, climate
change, and hydrological and plant physiological feedbacks to climate change on future regional water resource
sustainability need to be clarified (see the following sections).

3.3. Future Water Yield Under Climate Change

We explored the interplay between vegetation greening and water resource sustainability (which depends on
changes in WUE and evaporation recycling alongside greening) using three ET, schemes in future projections.
The diagnostic PM ET, scheme was utilized as a connection between the historical and future periods, driven
directly by atmospheric water demand and vegetation greening. The prognostic GPP-based ET, scheme (based
on CMIP6-based GPP and projected WUE (keeping its trend consistent with the history)) revealed a persistent
influence of the relatively rapid increasing WUE on WY. The CMIP6-based ET, scheme (based on bias-corrected
CMIP6 ET,) represents the ensemble WY of prognostic models, considering the combined influence of WUE
and evaporation recycling.

According to CMIP6 projections, the greening of grassland across NCTP is expected to continue during 2019—
2100 (Figure 6). Overall, for the three CMIP6 scenarios (i.e., SSP126, SSP245, and SSP585), increasing trends in
annual CMIP6 LAI_(bias-corrected CMIP6 LAI) across NCTP during 2019-2100 are 3 x 1074, 6 x 107, and
1.3 x 1073 m?/(m?-yr), respectively. These trends are lower than the increasing trend in annual LAI (2 X 1073 m?%
(m?2-yr)) during 2001-2018, indicating the slowdown of grassland greening in the future. Meanwhile, annual
WY based on three ET, schemes shows a simultaneously increasing trend with LAI and is always positive for
all three scenarios. In particular, the increasing trend in annual WY based on GPP-based ET, is greater than the
trend based on CMIP6-based ET,, and the lowest increasing trend is found in annual WY based on PM ET,. This
indicates that annual WY based on diagnostic PM ET, can be considered the least sustainable scheme for regional
water resources. In addition, increasing trends in annual WY based on the three ET, schemes are larger under the

higher emissions scenario, corresponding to changes in trends of CMIP6 LAI__ . This is because the increase in

corr*
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Figure 5. Spatial patterns in mean annual WY and LAI are shown for the periods 1982-2000 (a and d) and 2001-2018 (b and e), along with the difference in mean
annual WY and LAI between the two periods (c and f, i.e., the later minus the earlier period). Spatial patterns (g) and respective area percentages (h) for four categories
of the difference in mean annual WY and LAI between periods of 1982-2000 and 2001-2018 (i.e., (1) AWY > 0 and ALAI > 0, (2) AWY >0 and ALAI <0, (3)
AWY < 0 and ALAI > 0, and (4) AWY < 0 and ALAI < 0). AWY (ALAI) is the mean annual WY (mean annual LAT) during 2001-2018 minus the mean annual WY
(mean annual LAI) during 1982-2000.

precipitation exceeds the increase in ET, as carbon emissions increase. These findings suggest that both grassland
greening and increased regional water resources may coexist in the future based on the climate projections.

Among the three sub-regions (Figures S6-S8 in Supporting Information S1), upward trends in annual CMIP6
LAI_,, during 2019-2100 for regions I and III under the three scenarios are close to the trends estimated for the
entire NCTP region, whereas the upward trends in annual CMIP6 LAI_ in region II are the lowest. Correspond-
ingly, the projected annual WY based on the three ET, schemes in regions I and III is always positive, whereas
there are significant discrepancies in annual WY of region II under different ET, schemes. Compared with the
historical period (Figure 4b), the water resource sustainability of region I has notable improvement. However,
the WY based on three ET, estimates for region II differs greatly. Only annual WY using GPP-based ET, and

CMIP6-based ET, exhibits continued increases and shifts from negative to positive under the three scenarios. As
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Figure 6. Temporal variations in CMIP6 multi-model ensemble mean WY (based on PM ET,, GPP-based ET,, and
CMIP6-based ET,) and LAI_ across NCTP during 2019-2100 under SSP126 (a), SSP245 (b), SSP585 (c) scenarios, as well
as respective fitted linear trends marked with “**” (with the Mann-Kendall test at a 5% significance level). The insert in the
upper left corner of subplot a shows the boundaries of NCTP and the three sub-regions.

for the PM ET, scheme, only annual WY under the SSP126 scenario fluctuates around zero, with its magnitude
and trend greater than those under the SSP245 and SSP585 scenarios. This indicates that grass growth in region
1I is expected to continue to consume water storage (e.g., glacier meltwater and groundwater) in the future, most
likely exacerbating the water crisis.

3.4. Spatial Variability in Future Projections of Water Yield

In future projections, mean annual CMIP6 LAI___ shows an increasing trend in almost the entire NCTP region

corr
during 2019-2100, along with the growth in carbon emissions (Figure 7). Unexpectedly, overall areas with nega-
tive mean annual WY (i.e., WY < 0) are likely to reduce (Figure 7) against those during the historical period
(Figure 5). Meanwhile, regions with simultaneously increased LAI and WY dominated NCTP during the future
period (Figure 8), accounting for more than 50% of NCTP grassland (much larger than 29% in Figure 5 during
the historical period). Nevertheless, other regions with high potential for water insecurity may emerge in the
future. Negative mean annual WY based on PM ET, and CMIP6-based ET, is shown in the same areas of region
II (e.g., Tian Shan, Qilian Shan, and the border of Ningxia and Inner Mongolia). Mean annual WY based on
CMIP6-based ET, also shows significantly negative values in northern Tibet and central Qinghai, whereas there
are scattered areas in central parts of Inner Mongolia, Tibet, and Xinjiang autonomous regions with negative
mean annual WY based on GPP-based ET,.

In general, continuous increases in CMIP6 LAI___ affect water resource availability in parts of regions I and III,

corr
but may have a larger impact in region II. During the historical period, global warming accelerates glacier melting
in high mountain regions of China (e.g., the Kunlun Mountains and Tian Shan in region II) (Brun et al., 2017,
Hugonnet et al., 2021), promoting vegetation greening with increased soil moisture (Maina et al., 2022). Never-
theless, without positive WY providing sufficient supply, the continued greening of grassland is expected to

consume regional water resources, becoming unsustainable in the future.

Meanwhile, periods in which increased LAI may affect water resource availability also deserve attention, though
the increasing trend in CMIP6 LAI
future period, particularly for the SSP126 scenario (Figure S9 in Supporting Information S1). Therefore, the
future period was divided into three sub-periods, 2019-2050, 2051-2080, and 2081-2100, to further investigate

corr i some regions of NCTP is likely to turn into a decreasing trend over the
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Figure 7. Spatial patterns in mean annual WY based on PM ET, (row 1), GPP-based ET, (row 2), and CMIP6-based ET, (row 3) and trend in annual CMIP6 LAIL
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(row 4) during 2019-2100 under SSP126 (column a), as well as the difference in mean annual WY and trend in annual CMIP6 LAI___ between the SSP245 and SSP126

scenarios (column b) and between the SSP585 and SSP126 scenarios (column c). The trend in annual CMIP6 LAI
two scenarios is denoted as A. Stippling in the last row of the graph indicates regions where the trend in annual CMIP6 LAI

corr

is denoted as f3 ,; and the difference between
for respective scenarios is statistically

corr

corr

significant (with the Mann-Kendall test at a 5% significance level).

the connection between trends in annual WY and annual LAI (i.e., B and B, ,)) over time. In general, only in
the SSP585 scenario, areas with simultaneous increases in both WY and LAI are dominant (>68%) for all three
ET, schemes and in all three sub-periods (see the third row in Figure 8 and Figures S10-S11 in Supporting Infor-
mation S1). Under the SSP126 scenario (see the first row in Figure 8 and Figures S10-S11 in Supporting Informa-
tion S1), in contrast, areas with decreased WY are widespread during the late 21st century (2081-2100), though
areas with increased WY are dominant (>73%) before then (during 2019-2080). More areas show decreases in
both WY and LAI during 2081-2100 under the SSP126 scenario.

For the SSP245 scenario, spatial patterns in four categories of B, and f, ,; (i.e., (a) fyy = 0 and g ,; > 0, (b)
Pwy=0and g, <0, (c) fyy <0and g ,, >0, and (d) By <0and f ,, <0) are different for the three ET, schemes.
Based on PM ET, and CMIP6-based ET,, the proportion of areas with decreased WY and increased LAI is largest
during 2051-2080 with area percentages up to 74% and 56%, respectively (see the second row in Figure 8 and Figure
S11 in Supporting Information S1). Based on GPP-based ET,, areas with both increases in WY and LAI are domi-
nant (>51%) for all three sub-periods under the SSP245 scenario (see the second row in Figure S10 in Supporting
Information S1). Overall, the SSP585 scenario shows the most positive results with both grassland and regional
water resources, whereas 2081-2100 (2051-2080) is the period of concern for the SSP126 (SSP245) scenario.

3.5. Effects of Grassland Greening, Increased Water Use Efficiency, and Intensified Evaporation
Recycling on ET, and Water Yield

Figure 9 shows a schematic diagram of the multifaceted effects of grassland greening, climate change (e.g.,
increased atmospheric water transport, elevated CO,, and climate warming), and intensified evaporation recycling
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Figure 8. Spatial patterns and respective area percentages for four categories (i.e., (1) fyy = 0 and B, ,; > 0, (2) fyy = 0 and §, ,; <0, (3) By <0 and 3, > 0, and
4) pyy <0and g ,, < 0) of trends in annual WY based on PM ET, and annual LAI during 2019-2050 (column a), 20512080 (column b), and 2081-2100 (column c)
under the SSP126 (row 1), SSP245 (row 2), and SSP585 scenarios (row 3). Note that trends in annual WY and annual LAI are denoted as B,y and f3, 4, respectively.

Stippling indicates regions where both the trends in annual WY and CMIP6 LAI

ore e statistically significant with the Mann-Kendall test at a 5% significance level.

on WY from a perspective of precipitation and ET,. Future projections of climate change suggest an increase in
atmospheric water transport over NCTP (Fan et al., 2021; Li, Y et al., 2019). Meanwhile, the large-scale vegeta-
tion restoration projects are likely to intensify intraregional water recycling processes, thereby increasing precip-
itation (Wang, X et al., 2021). In our study, even under the most negative scheme with PM ET,, the coexistence
of increased WY and LAI is likely to prevail and WY is always positive for most regions of NCTP. Therefore,
increased precipitation caused by atmospheric water transport and evaporation recycling is sufficient to meet
the increased water consumption of large-scale grassland greening (Figure S12 in Supporting Information S1).

Three aspects are competing to influence changes in ET,, including increased WUE, intensified evaporation recy-
cling, and vegetation greening. These three factors can be understood from a perspective of plant physiological
(Figure 9a) and hydrological feedbacks (Figure 9b). Plant physiological feedbacks (Witte et al., 2006) include
the temperature effect (when plants consume more water to regulate leaf temperature, leading to an increase in
ET)), the LAI effect (when plants produce more biomass with elevated CO,, leading to an increase in LAI and
also ET,), and the WUE effect (when plants can meet C-requirements more easily with elevated CO,, leading to
a decrease in stomatal conductance and ET,). Hydrological feedback includes evaporation recycling intensified
by grassland greening.

In this study, three ET, schemes were used to quantify the influence of these factors on ET,. The comparison
between CMIP6-based ET, and GPP-based ET, helps understand the effect of increased WUE on ET,, because
the difference in ET, estimates between the two schemes primarily lies in different increasing trends in WUE
(Bwup)- An increase in WUE is found to result in a decrease in ET,, with the decreased ratio up to 12% between
these two schemes under the SSP126 scenario (Figure 9c). With the increase in carbon emissions, the difference
in fyp between CMIP6-based ET, and GPP-based ET, gradually decreases, so the effect of increasing WUE
on the decrease in ET, gradually weakens. On the other hand, by assuming that future WUE maintains the same
historical WUE growth trend, the GPP-based ET, scheme shows the maximum potential impact of WUE on ET,.
The CMIP6-based ET, scheme shows the final ET, projection under the combined and projected influence of the
temperature, LAI, and WUE effects. Thus, the comparison between these two ET, schemes reveals plant physi-
ological effects on future ET,. An increase in ET, due to the temperature and LAI effects would be larger than a

ZHANGET AL.

14 of 21

85U801 SUOWILLIOD 8A1e8.D 8|qeot|dde au Aq peusenob afe sejonfe YO 88N JO S3|NJ oy Akeiq18uljUO /8|1 UO (SUOIPLOD-PUR-SLLBYWOD A8 1M ATRIq 1 BUI|UO//SANY) SUORIPUOD pue SWwid | 38U} 89S *[7202/20/80] uo Ariqiiauluo AjIm ‘AiseAlun pioyxO Aq LE070043€202/620T OT/I0p/wod Aa|m Areiqeuluosgndnbey/sdny woiy pepeojumoq ‘ZT ‘€202 ‘LLZ8ZET



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Earth’s Future 10.1029/2023EF004037

Atmospheric 2 (a)

P Ve (b)
tra(nspor‘t water \ /

Evaporation recycled
precipitation

Intensified

evaporation
recycling 4%
U J

Precipitation s

ET, =
@ Water yield 9=

Surface

Stomatal
conductance

Grassland greening

Grassland greening

Shallow aquifer

\o,
\) Leading to an increase > Leading to 4% decrease l)} Pathway of causality
of precipitation of ET,

Evapotranspiration
(ET,)

Cycling pathway
\ﬁ 4=  Variable to increase ‘ Precipitation

== Variable to decrease

(c)

4
3
— —— ==

+3% M +8% l
SSP126 —+» SSP245 —» SSP585

Bwue=4.6e” Bwue=5.2¢” Bwue=T.1e”

GPP-based ETa

CMIP6-based ETa
! 2% +5%
SSP126 —» SSP245 —» SSP585

Bwye=3e™ Bwye=1.8¢" Bwye=5.2¢"

| |

|

| +99/, +13%
| 9%

! PMETa

|

+3% v, +8%
————H4%——————— » SSP126 > SSP245 —» SSP585

Bwue=-4e™ Bwue=2e™ Bwue=1.8¢"

Figure 9. Schematic diagram (a) and (b) illustrating the effects of grassland greening on water yield based on projected
precipitation and ET, in an intensified hydrological cycle with ongoing elevated CO,. Estimates in subplots a and b are based
on the difference between ET, schemes under the SSP126 scenario. Subplot ¢ shows differences between multi-year and
multi-model ensemble mean ET, estimates for the three schemes and three scenarios. Percentages shown along the arrows in
subplot c are obtained by the equation: (ET,
trend in annual WUE (calculated using annual CMIP6 GPP,

,scenario at point of the arrow - ETa,scenario at tail of the arrow)/ETa, scenario at tail of the arrow* ﬂWUE 18 the

and respective annual ET,) during 2019-2100.

corr

decrease in ET, arising from the WUE effect, because CMIP6-based ET, increases for all SSP scenarios, while
GPP-based ET, decreases for the SSP126 and SSP245 scenarios (Figure S12 in Supporting Information S1) under
the consistent influence of temperature and LAI effects.

In addition, the comparison between CMIP6-based ET, and PM ET, shows the combined effects of increased
WUE and intensified evaporation recycling on projected ET,. This is because PM ET, does not consider the
influence of increasing WUE and intensified evaporation recycling, while CMIP6-based ET, does. Intensified
evaporation recycling would also lead to a decrease in ET, (Figure 9c), because a decrease of 4% in ET, is found
when S, for these two schemes (i.e., CMIP6-based ET, and PM ET,) is close to zero under the SSP126 scenario
(i.e., under the same condition for temperature, LAI, and WUE effects).
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Figure 10. Projections of future herbivore stocking numbers in the four provinces/autonomous regions. Projected stocking numbers of herbivores in Inner Mongolia
(a), Qinghai (b), Tibet (c), and Xinjiang (d) provinces/autonomous regions during 2019-2100 under three scenarios, as well as reported numbers during the historical
period (1997-2019). The regions highlighted in blue in the NCTP boundary in the top of each panel indicate the geographical location of respective provinces/

autonomous regions.

4. Discussion
4.1. Seasonality in Water Yield During the Historical and Future Periods

In the future, projections indicate an increase in the number of months when the water consumption of grass
growth (i.e., ET,) could be met by rainfall in the three sub-regions (Figure S13 in Supporting Information S1)
relative to the historical period (Figure S14 in Supporting Information S1). During 1982-2018, the monthly
climatology of WY across NCTP was always larger than zero (Figure S14e in Supporting Information S1). There
are several periods in the three sub-regions when precipitation may not be sufficient to support water consump-
tion by grassland, including 4 months (May, June, August, and September) in region I, most months in region
II, and November in region III. In the future, we find that there are likely to be fewer months with a monthly
climatology of WY below zero (Figure S13 in Supporting Information S1). For instance, precipitation in region I
may not be sufficient to support water consumption during critical periods of grass heading (i.e., May and June).
In region II, grass from June to October may need to rely on other water supplies (e.g., glacier melt). Region Il is
the most positive area to support the coexistence of increased WY and LAl in the future, with all average monthly
WY larger than zero.

4.2. Simultaneous Improvement of LAI and WY Promotes Livestock Production

Current research tends to focus predominantly on the adverse impacts of climate warming on future livestock
production while neglecting to explore the synergistic effects of enhanced water availability and grassland green-
ing (Li et al., 2023; Zhang, M et al., 2023). This study seeks to address this gap by presenting a novel perspective,
underscoring how the simultaneous and continuous growth in LAl and WY can be a catalyst for the advancement
of livestock production within the evolving natural grazing environment. This is expected to affect the lives of
more than 10 million pastoralists from socioeconomically disadvantaged backgrounds in NCTP (Ho, 2016).

Four provinces/autonomous regions (i.e., Inner Mongolia, Qinghai, Tibet, and Xinjiang) were selected to predict
stocking numbers of herbivores (i.e., sheep and cattle) during the future period. During the historical period,
‘grazing exclusion’ was implemented in these regions to restore grassland ecosystems (Wang, L et al., 2018),
as historical stocking numbers of herbivores showed a decreasing trend or a sharp variation (Figure 10). For the
future period, stocking numbers of herbivores in the four provinces would increase at a higher rate under higher
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carbon emission scenarios (Figure 10), which may result from higher increasing rates in both LAI and WY
(Figure 6). In the four provinces, stocking numbers of herbivores increase first and then slightly decrease under
the SSP126 scenario, whereas stocking numbers of herbivores continue to increase for the other two scenarios.
Under the SSP245 scenario, stocking numbers of herbivores in Inner Mongolia are likely to increase to ~95
million by 2100, whereas stocking numbers of herbivores in the other three provinces are only likely to increase
to 51-77 million. In addition, growth rates of predicted herbivore stocking numbers in 2100 compared to 2020
are largest in Qinghai Province (57%-538%), followed by Tibet (72%-514%), Xinjiang (23%-171%), and Inner
Mongolia (19%-126%). This indicates that livestock production has the greatest potential to expand in Qinghai
and Tibet in the future due to their faster increases in both LAI and WY, whereas the expansion of livestock
production in Inner Mongolia may require more attention to the balance of grass and livestock.

4.3. Increased Water Use Efficiency Enhances the Sustainability of Regional Water Resources

Elevated CO, has been found to enhance the net carbon sink and WUE of grassland in a warming climate
(Blumenthal et al., 2013; Morgan et al., 2011), aided by an increase in soil moisture, enhancing water availability
(Liu, X et al., 2020) or an increase in root growth, improving nitrogen absorption efficiency (Roy et al., 2016).
Field experiments over 21 years (Pastore et al., 2019) have shown that responses of grassland functional groups
to elevated CO, can be quick and also persistent. However, it has also been observed that increasing seasonal-
ity in precipitation (e.g., increases in non-spring precipitation) may limit the above responses to elevated CO,
(Hovenden et al., 2014, 2019), resulting in a decrease in biomass production and WUE. In most scenarios in our
study (except for the SSP126 scenario for the PM ET, scheme), LAI-induced increases in GPP are greater than
LAl-induced increases in ET,, resulting in increasing WUE (Figure 9b). Therefore, in the context of increasing
precipitation, CO,, and air temperature, grassland tends to consume water more efficiently to sustain its growth.
Meanwhile, the differences between annual WY based on GPP-based ET, and the other two ET, schemes are
significant (Figure 6), indicating that an increase in WUE is likely to improve the sustainability of local water
resources.

4.4. Intensified Evaporation Recycling Contributes to Continuous Increases in Water Yield

Vegetation greening in ecological restoration regions often leads to regional water crises (Bai et al., 2020; Zhang,
J et al., 2021; Zhao, M et al., 2021). However, the effect of grassland greening on WY in areas with large
inter-annual variability in precipitation is more complicated (Hersbach et al., 2020; Li, J et al., 2017; Zhang, J
et al., 2022). Widespread greening increases the water availability of local and downwind regions, when consid-
ering the influence of evaporation recycling (Cui et al., 2022; Teo et al., 2022). Meanwhile, positive feedbacks
in terms of vegetation greening and evaporation recycling at micro and macro levels can reinforce one another
(Te Wierik et al., 2021). In our study, intensified evaporation recycling is found to decrease ET, by 4% in grass-
land areas under the SSP126 scenario (Figure 9c). Both local and upwind vegetation greening were estimated
to have increased local precipitation by 1.2% (a globally averaged value) through evaporation recycling during
2001-2018 (Cui et al., 2022). Therefore, during the future period, intensified evaporation recycling may contrib-
ute to the continued increase in WY by increasing water supply and decreasing water demand.

5. Conclusion

This study analyzed the water resource availability across NCTP under grassland greening and climate warm-
ing during 1982-2100. By combining diagnostic (PM ET,) and prognostic ET, schemes (GPP-based ET, and
CMIP6-based ET,), the effects of plant physiological factors and hydrological feedbacks on WY during the future
period were discussed. Meanwhile, the influence of regional water resource availability and ongoing grassland
greening on livestock production was first quantified. The main findings are summarized as follows.

1. The coexistence of grassland greening and enhanced water resource availability was observed in most of NCTP
during the future period. Annual WY based on PM ET, was the least sustainable scheme for regional water
resources, followed by those based on CMIP6-based ET, and GPP-based ET,. Moreover, the water resource
availability of three sub-regions has notable improvement, especially for regions I and III. However, there is
a high likelihood that some regions will face water insecurity in the future, for example, Tian Shan, Qilian
Shan, and the border of Ningxia and Inner Mongolia for region II. Additionally, the SSP585 scenario showed
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the most positive results for both grassland and regional water resources, whereas 2081-2100 (2051-2080) is
the period of concern for the SSP126 (SSP245) scenario.

2. Positive influence of plant physiological factors (temperature, LAI, and WUE effects) and hydrological
feedbacks (evaporation recycling) on WY in relation to climate warming, elevated CO, concentrations, and
grassland greening were quantified. Enhanced atmospheric water transport, increased WUE, and intensified
evaporation recycling across NCTP contribute to increased WY even with increased ET, caused by grassland
greening. An increase in WUE is found to result in a decrease in ET, by up to 12% under the SSP126 scenario,
while intensified evaporation recycling would also lead to a decrease in ET, by 4% under the SSP126 scenario.
Among plant physiological factors, an increase in ET, caused by the temperature and LAI effects would be
larger than a decrease in ET, arising from the WUE effect.

3. Continuous and synchronous increases in LAl and WY are expected to promote the development of livestock
production, which may alleviate the restrictions imposed on grazing policies. Stocking numbers of herbivores
in the four main provinces of NCTP would increase at a higher rate under higher carbon emission scenarios
during the future period, corresponding to changes in WY and LAI. Qinghai and Tibet have the greatest poten-
tial for the expansion of livestock production in the future due to their faster increases in both LAI and WY,
whereas the expansion of livestock production in Inner Mongolia may require more attention to the balance
of grass and livestock.

Opverall, this study explores the interactions among grassland greening, water resource availability, and livestock
production, guiding adaption strategies to improve water security across vast grasslands in drylands worldwide.
The study also highlights the potential for expanded livestock production in areas where favorable water resources
and grassland greening coexist, which could positively impact the lives of over 10 million pastoralists from
socioeconomically disadvantaged backgrounds across NCTP region. The findings of this study have significant
implications for policymakers and researchers working toward grassland and water resources management in arid
and semi-arid regions.
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