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Abstract: China’s contribution to global greening is regulated by increasing atmospheric CO2 con-
centrations, climate change, and land use. Based on TRENDY project data, this study identified
that the shifts in China’s contribution to the global leaf area index (LAI) trend strongly reduced
during the warming hiatus, translating from 13.42 ± 26.45% during 1982–1998 into 7.91 ± 25.45%
during 1999–2012. First, significant negative sensitivities of LAI to enhanced vapor pressure deficit
(VPD), when only considering the climate effect derived from TRENDY models in China, were found
to have shifted substantially after the late 1990s. However, globally, LAI had positive rather than
negative responses to enhanced VPD. These opposing shifts in the response of LAI to enhanced VPD
reduced the national contribution to global vegetation greening. Second, shifts in land-use change
and their effects on the LAI trends in the two periods in China were accompanied by major changes
in land cover and land management intensity, including forestry. Consequently, the contribution
of land use in China reduced by −47.68% during the warming hiatus period, as compared with
the warming period. Such a shift in the impact of land-use change on LAI simulated by ecosystem
models might result from the models’ lack of consideration of conserving and expanding forests with
the goal of mitigating climate change for China. Our results highlight the need for ecosystem models
to reproduce the enhanced negative impact on global LAI and consider the shifts in man-made
adaptation policies (e.g., forest management) to improve terrestrial ecosystem models in the future.

Keywords: leaf area index; vapor pressure deficit; climate change; land-use change; ecosystem model

1. Introduction

For about three decades, from 1982 to 2009, the global leaf area index (LAI) trend
was estimated at 0.068 ± 0.045 m2 m−2 yr−1 (mean ± standard deviation, 1 sigma) [1].
This generally increasing trend since 1982 would have shifted urban energy balance and
regulated land–atmosphere interactions, including sensible heat fluxes, evapotranspiration,
carbon dioxide (CO2) exchange between land and atmosphere, and other trace gases and
aerosols [2–4]. Furthermore, the changes in LAI since the 1980s are likely to have affected
land–surface boundary conditions and influenced the surface albedo, roughness, and even
the dynamics of the terrestrial water cycle [5]. The modulated energy and water cycles
caused by changes in LAI might partly have yielded changes in the terrestrial carbon
balance [6,7] and atmospheric chemistry through emissions and deposition of CO2 and
other trace gases and aerosols [8]. Therefore, tracking and understanding trends in LAI
is central to predicting climate change and quantifying the carbon budgets of terrestrial
ecosystems [9].

The increasing atmospheric CO2 concentration exerts a first-order control on the
increasing LAI trend. At the regional scale, meanwhile, a strong control of vegetation green-
ing by increased surface air temperature has been shown in relatively temperature-limiting
conditions based on satellite remote sensing data [1,10]. Several lines of evidence show
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enhanced vegetation greening over the past few decades with medium or high confidence
using satellite-derived vegetation datasets [1,11]. However, the observation-driven infer-
ence of increasing LAI has been based mostly on enhanced atmospheric warming in the
high latitudes of the Northern Hemisphere [10], along with dynamic global vegetation
model (DGVM)-simulated increases in photosynthesis [5] in the northern extra-tropics [11].
The increased LAI trend may also have benefited from human land-use management in
the form of intensive ecosystem management [12]. Among these factors, there needs to be
an emphasis on how to accurately reproduce their influences in earth system models—an
aspect still requiring continuous efforts [5,13].

The so-called “global warming hiatus”, which is broadly regarded as having started
in around 1998 and ended around 2012, was a period when the annual mean global air
temperature did not seem to increase as much as expected given the increasing concen-
trations of atmospheric greenhouse gases [14]. Moreover, despite accumulating evidence
of an increased carbon sink since 1998, there is uncertainty surrounding the key mech-
anism involved in such changes. While Ballantyne et al. [15] observed accelerating net
terrestrial carbon uptake during the warming hiatus due to reduced respiration, Piao et al.,
(2018) [6] showed that the decreasing land-use emissions may have been responsible for the
increased terrestrial net carbon sink during this period. Conversely, according to satellite
product data, vegetation greening during the warming hiatus stalled after 1998 at the global
scale [16,17], as the vapor pressure deficit (VPD) drove transpiration, which controlled
leaf stomata and affected soil and plant-tissue water content [13]. Uncertainties remain
regarding the magnitude of LAI trends at the regional scale based on DGVMs or satellite
datasets because of the nonlinear relation between regional and global LAI trends [1,10,18].

Changes in climatic variables over the last three decades show widespread differences
at the global scale. For example, increasing trends in VPD in the globe possibly influence
plant growth, chemical composition, and soil respiration [13]. So, China’s contribution
to global LAI may generally depend on climatic variables. The primary objective of this
study, therefore, was to quantify the differences in China’s contribution to global vegetation
greening between two periods—one a warming period from 1982 to 1998 and the other
the warming hiatus from 1999 to 2012—and to estimate the contributions of different
factors (e.g., climate change, rising atmospheric CO2, and land-use changes) to China’s
overall contribution to the global LAI trend. For a better understanding of the mechanisms
driving China’s contribution to global vegetation greening, we used 13 models from the Net
Land–Atmosphere Exchange Trends Project (TRENDY) (Tables 1 and 2) and two satellite-
based products. Through comparison of the relative contributions (i.e., CO2 fertilization,
climate, and land use) with ecosystem vegetation growth during the global warming hiatus
and warming period, we examined whether terrestrial ecosystem models can adequately
capture the observed contribution of China to the global LAI trends after the late 1990s,
based on results from these 13 models.

The rest of the paper is structured as follows: Section 2 describes the methods and
data, including the 13 terrestrial ecosystem models and two satellite-based products used
in this study. Section 3 presents the results. Section 4 provides some discussion points,
followed in Section 5 by our conclusions.
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Table 1. The 13 TRENDY models used in this study.

Model Names Abbreviation NC Fire WH SC NF Ref.

CABLE-POP CAB Y N Y Y N [19]
CLASS-CTEM CLA Y Y N N N [20]

IBIS IBI Y Y Y Y Y [16]
ISAM ISA Y N Y N Y [21]
ISBA ISB Y Y N N N [22]

JULES JUL Y N N N N [23]
LPJ LPJ Y Y Y Y Y [24]
LPX LPX Y Y Y Y N [25]

ORCHIDEE ORC Y N Y N N [26]
SDGVM SDG Y Y N N N [27]

VISIT VIS Y Y Y Y N [28]
YIBs YIB Y Y Y N N [29]

CLM5.0 CLM Y Y Y Y Y [25]
Note: For each TRENDY model, it is specifically indicated whether they considered a full nitrogen cycle (NC),
simulated fire and included wood harvesting (WH), shifting cultivation (SC), or nitrogen fertilization (NF). Le
Quéré et al. [30] provides a complete explanation of the processes for each model.

Table 2. Used abbreviations in this study.

Full Name Abbreviation

Leaf area index LAI
Surface air temperature SAT

Precipitation PR
Vapor pressure deficit VPD

Solar radiation SRAD
Specific humidity q

Surface atmospheric pressure Ps
Dynamic global vegetation model DGVM

Trends in the Land Carbon Cycle Project TRENDY
Land-use change LUC

Trends TRE
Inter-annual variability IAV

Mean MEA

2. Data and Methods
2.1. Simulated and Satellite-Based Datasets

This study used the monthly LAI outputs of the Trends in the Land Carbon Cycle
Project (TRENDY) [31]. Although the processes and parameterizations of the models that
participated in the TRENDY project were different from those related to the LAI calculation,
they were all driven by the same CRUNCEP climate reconstruction datasets [32]. The
simulated period covered 1700 to 2019. Among the TRENDY experiments, there were four
different types as follows: (1) S0: control. No forcing change (time-invariant “pre-industrial”
CO2 and climate and land-use mask). S0 is needed to diagnose any “cold start” issues
or model drift; (2) S1: CO2 only (time-invariant “pre-industrial” climate and land-use
mask); (3) S2: CO2 and climate only (time-invariant “pre-industrial” land use mask); (4) S3:
CO2, climate, and land use (all forcing time-varying). Simulation S0 fixes atmospheric
CO2 (276.59ppm ppm), climate (climate mean during 1901–1920), and land-use change
(1700 constant level) at the pre-industrial level. Transient simulations cover the period of
1901–2018, which includes varying CO2 (S1, S2, and S3), 1700 CO2 (S0), varying climate (S2
and S3), varying land-use change (S3), and 1700 land-use change (S0, S1, and S2). To date,
the simulations of the TRENDY project have been widely used to analyze terrestrial carbon
budgets at both regional and global scales [33–35].

To illustrate the LAI trends driven by different factors, we used simulations S1 minus
S0 to characterize the effect of CO2 concentration; simulations S2 minus S1 to describe
the effect of climate change; and simulations S3 minus S2 to represent the impact of land-
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use change. It should be noted that not all models could simulate processes related to
land-use change. For example, only some models considered processes such as wood and
crop harvesting, N fertilization, irrigation, or crop rotation [31,36]. At the same time, the
input land-cover dataset had a discontinuity problem in the last decade, and different
models might have made different assumptions when converting the original land-use
coordination dataset into a model-specific land-cover input. Therefore, the differences
between simulations S3 and S2 could only partially represent the impact of land-use change
in the last decade [6]. In addition, all outputs from ecosystem models were regridded to a
common spatial resolution of 0.5◦ × 0.5◦ based on bilinear interpolation.

Two satellite-observed LAI products (GIMMS LAI and GLASS LAI) were used to ana-
lyze the changes in global vegetation for the period of 1982–2012, covering the globe with a
spatial resolution of 0.5◦ × 0.5◦. These products have been validated as research-quality
datasets [4] and used extensively in research on long-term vegetation dynamics [4,5,31,37].
To examine China’s contribution to the global LAI trend, we calculated the LAI of each pixel
in China and weighted the results by the area of each pixel. From 1982 to 2012, we used
the area-weighting during the growing season from April to September to calculate the
changes in LAI of the globe and China based on these remote sensing products. In addition,
the warming (1982–1998) and warming hiatus (1998–2012) periods were segmented to
compare the shift in China’s contribution from one period with the next.

2.2. Methods

The VPD used in this study was calculated from the surface air temperature, surface
atmospheric pressure, and specific humidity [38], as follows:

VPD = 6.1094× exp
(

17.625× SAT
SAT + 243.04

)
− PS

0.622
× q (1)

where Ps is the near-surface atmospheric pressure (unit: hPa), q is the specific humidity
(unit: kg kg−1) and SAT is the near-surface air temperature (unit: ◦C).

Monthly surface air temperature, precipitation, surface atmospheric pressure, and
specific humidity and net solar radiation from the CRUNCEP datasets, which is used as
atmospheric forcing data for the Community Land Model (https://data.ucar.edu/dataset/
cruncep-version-7-atmospheric-forcing-data-for-the-community-land-model (accessed
on 17 February 2022)), were employed to derive their coupled relationships with the
vegetation variability. The trends in LAI were calculated during the study periods based
on linear least-squares regression analysis. We estimated the responses of LAI to surface air
temperature, precipitation, and VPD over the past three decades using a linear regression
approach. The Mann–Kendall test was used to assess the statistical significance of the
trends. A linear regression approach was further used to quantify the climate sensitivity
of LAI to the precipitation, surface air temperature, or VPD. This method was applied by
Poulter et al. [39] as follows:

y = βix + εi, (2)

where x is precipitation, surface air temperature, or VPD; y is LAI; βi is the climate sensitivity
of LAI to these climatic variables; and εi is an error term.

Based on the contribution of each grid point in China, China’s contribution to the
global LAI trend could be further summarized. In this respect, we adopted an index [33] to
calculate the sign and magnitude of the contribution of each grid point to the global LAI
trend, as follows:

f j =

xj |X|
X
|X| (3)

where xj is the product of the LAI trend and area for the jth grid point or jth region during
the study period and X is the product of the global LAI trend and areas, such that X = ∑xj.
By this definition, fj is the average relative trend of xj/X for the jth grid point or the jth
region, weighted with the absolute global trend |X|. Regions or grid points receiving

https://data.ucar.edu/dataset/cruncep-version-7-atmospheric-forcing-data-for-the-community-land-model
https://data.ucar.edu/dataset/cruncep-version-7-atmospheric-forcing-data-for-the-community-land-model
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higher and positive average scores are inferred to be making a larger contribution to
global greening. The index we adopted enabled a comparison of their relative importance
(contributions) in governing global LAI greening.

3. Results
3.1. Estimates of LAI Trends under Two Conditions

The global-mean LAI experienced an increase from 1982 (Figure 1). The 14 years
from 1999 to 2012 showed slightly smaller growth in the global LAI trend compared
with that from 1982 to 1998, according to the TRENDY ensemble (Figure 1a). The LAI
in China showed an evidently smaller increasing trend as simulated by TRENDY during
the period of 1999–2012, compared with the trend for the globe. A general increasing
trend for LAI in China of 0.003 ± 0.013 m2 m−2 yr−1 (p = 0.02) during the warming hiatus
was simulated by the TRENDY ensemble, while a relatively greater increasing trend of
0.007 ± 0.03 m2 m−2 yr−1 (p < 0.01) was estimated from 1982 to 1998 (Figure 1). Compared
with the remote sensing data, the trend in LAI for China during the latter period tended
to be underestimated by the TRENDY ensemble. In contrast, the LAI trend using remote
sensing data during 1999–2012 was greater for China by 0.023 ± 0.011 m2 m−2 yr−1 than
that for the globe by 0.005 ± 0.002 m2 m−2 yr−1.
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Figure 1. (a,b) Interannual anomalies of LAI in the growing season (April–September) during the 
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Figure 1. (a,b) Interannual anomalies of LAI in the growing season (April–September) during the
period of 1982–2012 from satellite-based datasets (gray line) (GIMM LAI and GLASS LAI) and the
mean of TRENDY models (red line). Shaded pink areas designate ±1 standard deviation (σ). The
left of the thick black vertical line represents the warming period from 1982 to 1998, while the right
represents the warming hiatus period from 1999 to 2012 for the whole terrestrial ecosystem and China,

respectively. (c,d) Contribution of China to the global mean, trend, and interannual variability of LAI
during (c) the period of 1982–1998 and (d) 1999–2012. Horizontal lines indicate ±σ. Gray bars mean
the average of satellite-based datasets; pink bars represent TRENDY ensemble (TRE: the trend of LAI;
MEA: the mean of LAI; IAV: inter-annual variability of LAI).

These differences between ecosystem models and satellite-based products in the
changes in China’s contribution to the global mean, trend, and interannual variability (IAV)
in LAI correspond in various ways to the different periods (Figure 1c,d). Over the warming
period from 1982 to 1998, the TRENDY ensemble simulated China’s contribution to the
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global LAI trend to be 13.42 ± 26.45%, while the observed contribution based on remote
sensing data was 6.71 ± 3.71%. Between the two data sources, China’s contribution to the
global mean and IAV derived from the TRENDY ensemble was 6.84% and 5.46%, respectively,
whereas the satellite-based products predicted a smaller contribution to the IAV, at 5.89%, as
well as a smaller contribution to the mean, at 4.76%, during the same period.

The differences between the two data sources became even more pronounced in the
hiatus period (i.e., 1999–2012) than they were during the warming period (i.e., 1982–1998)
(Figure 1c,d). Over the period of 1999–2012, the TRENDY ensemble produced a smaller
contribution for China to the global LAI trend at 7.92 ± 25.45%, while the observed
contribution based on remote sensing data was 15.73 ± 20.90%. Between the two data
sources, China’s contribution to the global mean and IAV derived from the TRENDY
ensemble was 6.82% and 0.94%, respectively, whereas the satellite-based products predicted
a similar contribution to the IAV, at 6.08%, and greater contribution to the mean, at 6.24%,
during the same period.

Next, we analyzed the long-term trends of LAI based on 13 models from TRENDY—
namely, CABLE-POP, CLASS-CTEM, CLM5.0, IBIS, ISAM, ISBA, JULES, LPJ, LPX, OR-
CHIDEEv3, SDGVM, VISIT, and YIBs (Table 1)—and satellite-based products (GIMMS
LAI and GLASS LAI) for the globe and China. Despite large variability in the estimated
interannual LAI between the satellite-based products, all LAI datasets exhibited increasing
trends before and after the late 1990s (Figure 2). The growth rate in global averaged LAI
based on the satellite datasets reduced from 0.009 ± 0.005 m2 m−2 yr−1 before the late
1990s to 0.005 ± 0.002 m2 m−2 yr−1 during the period of 1999–2012 (Figure 2). However,
the growth rate in China increased from 0.012 ± 0.006 m2 m−2 yr−1 during the period of
1982–1998 to 0.022 ± 0.011 m2 m−2 yr−1 after the late 1990s using the same products. This
enhanced positive growth rate was also true for the LAI growth rate during the period of
2000–2017 [12].

This study used 13 models from TRENDY to investigate the long-term changes in
LAI for the globe and for China. The TRENDY ensemble showed quite similar long-term
trends of LAI, with a significant increasing trend from 1982 to the late 1990s, averaged
at 0.004 ± 0.0118 m2 m−2 yr−1 (p < 0.05) and 0.007 ± 0.029 m2 m−2 yr−1 (p < 0.05) at
the global scale and for China, respectively (Figure 2a,b). However, a decreasing growth
rate of LAI was simulated by CLASSIC and ISAM for the globe and by CLASSIC, ISAM,
and SDGVM for China, during the same period. Nevertheless, the variations among
ecosystem models showed substantial variability in the magnitude and sign of the LAI
growth rate, particularly over China, although most models simulated consistent-sign LAI
trends. Underestimated LAI trends during the warming hiatus period could have been
contributed by the negative trends of LAI from LPX, CABLE-POP, and ISBA. Even the
largest increases in the LAI growth rate, simulated by LPJ and VISIT, were smaller than the
observed growth rate after the late 1990s.



Land 2022, 11, 393 7 of 16Land 2022, 11, x FOR PEER REVIEW 7 of 16 
 

 

Figure 2. Trends of LAI for the (a,c) globe and (b,d) China during (a,b) the period of 1982–1998 and 

(c,d) 1999–2012, derived from satellite observation (OB) and 13 TRENDY models. TR means the 

average of the TRENDY models. Horizontal lines indicate ±σ. Two asterisks indicate that the trend 

is statistically significant (p < 0.05) and one asterisk indicates statistical significance at the 0.1 level. 

This study used 13 models from TRENDY to investigate the long-term changes in 

LAI for the globe and for China. The TRENDY ensemble showed quite similar long-term 

trends of LAI, with a significant increasing trend from 1982 to the late 1990s, averaged at 

0.004 ± 0.0118 m2 m−2 yr−1 (p < 0.05) and 0.007 ± 0.029 m2 m−2 yr−1 (p < 0.05) at the global scale 

and for China, respectively (Figure 2a,b). However, a decreasing growth rate of LAI was 

simulated by CLASSIC and ISAM for the globe and by CLASSIC, ISAM, and SDGVM for 

China, during the same period. Nevertheless, the variations among ecosystem models 

showed substantial variability in the magnitude and sign of the LAI growth rate, particu-

larly over China, although most models simulated consistent-sign LAI trends. Underesti-

mated LAI trends during the warming hiatus period could have been contributed by the 

negative trends of LAI from LPX, CABLE-POP, and ISBA. Even the largest increases in 

the LAI growth rate, simulated by LPJ and VISIT, were smaller than the observed growth 

rate after the late 1990s. 
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average of the TRENDY models. Horizontal lines indicate ±σ. Two asterisks indicate that the trend
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3.2. Responses of LAI Trends to Atmospheric CO2, Climate, and Land-Use Change

We estimated the impact of climate change, atmospheric CO2 concentration, and land-use
change (Figure 3) on the LAI trends for both the globe and China. With increasing atmospheric
CO2 concentration, the TRENDY ensemble predicted similar magnitudes of increases in LAI
trends from 1982 to 1998 for the globe and China. It simulated greater increases in the LAI
trend from 1999 to 2012 for China (at 0.0054 ± 0.004 m2 m−2 yr−1) than it did for the globe (at
0.0048 ± 0.003 m2 m−2 yr−1). Moreover, both the globe and China had greater increases in
their LAI trends during the period of 1999–2012 than they did for 1982–1998.



Land 2022, 11, 393 8 of 16

Land 2022, 11, x FOR PEER REVIEW 8 of 16 
 

3.2. Responses of LAI Trends to Atmospheric CO2, Climate, and Land-Use Change 

We estimated the impact of climate change, atmospheric CO2 concentration, and 

land-use change (Figure 3) on the LAI trends for both the globe and China. With increas-

ing atmospheric CO2 concentration, the TRENDY ensemble predicted similar magnitudes 

of increases in LAI trends from 1982 to 1998 for the globe and China. It simulated greater 

increases in the LAI trend from 1999 to 2012 for China (at 0.0054 ± 0.004 m2 m−2 yr−1) than 

it did for the globe (at 0.0048 ± 0.003 m2 m−2 yr−1). Moreover, both the globe and China had 

greater increases in their LAI trends during the period of 1999–2012 than they did for 

1982–1998. 

 

Figure 3. (a,b) Trends in averaged LAI derived from TRENDY models driven by rising CO2 concen-

trations (CO2), climate change (Climate), and land-use change (LUC). Horizontal lines indicate ±σ. 

In contrast, the responses of the LAI trend to climate change simulated by the 

TRENDY ensemble differed considerably in both direction and magnitude for the globe 

and China, as compared with the response to atmospheric CO2 (Figure 3a,b). The 

TRENDY ensemble predicted a decrease in the LAI trend by −0.001 ± 0.001 m2 m−2 yr−1 for 

the globe and −0.0002 ± 0.003 m2 m−2 yr−1 for China during the period of 1982–1998 and by 

−0.0001 ± 0.002 m2 m−2 yr−1 for the globe and −0.007 ± 0.008 m2 m−2 yr−1 for China during 

1999–2012. The simulated responses of the LAI trend to climate change differed signifi-

cantly in magnitude for China between the two periods. For example, the decreasing LAI 

trend in China from 1999 to 2012 was simulated to have been more than 32 times greater 

than that from 1982 to 1998. 

For China, the TRENDY ensemble simulated a much greater decrease in the LAI 

trend than it did for the globe. Climate change was the most important mechanism for 

this simulated decrease in the LAI trend across China during the hiatus period of 1999–

2012 (Figure 3b). Surface air temperature and precipitation are the most important factors 

regulating LAI. Most vegetation growth and productivity over land is determined by 

these two factors, both globally and in specific regions [10,40–42]. For example, high pre-

cipitation was found to contribute about 12%, thereby helping to offset land-to-atmos-

phere CO2 fluxes driven by long-term negative temperature and direct radiative contribu-

tions [28]. In addition, some studies have reported the importance of VPD will increase 

under the warming climate [43–45]. 

3.3. Implications of Climatic Variables for Estimated LAI trends 

Based on CRUNCEP data, Figure 4 illustrates that precipitation in China decreased 

from 1999 to 2012 (y = −0.14x + 3.29, p = 0.07), while the precipitation trend from 1982 to 

1998 remained non-significant (y = 0.04x − 0.35, p = 0.43). From 1982 to 1998, the globe 

showed a slight increasing trend in precipitation (y = 0.03x − 0.56, p = 0.56), and a similar 

trend was found for the globe during 1999–2012 (y = 0.02x + 0.01, p = 0.74). The trend of air 

temperature over land after 1999 was lower than that from 1982 to 1998 over globally 

vegetated areas. China showed a decreasing trend in air temperature (y = −0.03x + 1.57, p 

Figure 3. (a,b) Trends in averaged LAI derived from TRENDY models driven by rising CO2 concentra-
tions (CO2), climate change (Climate), and land-use change (LUC). Horizontal lines indicate±σ.

In contrast, the responses of the LAI trend to climate change simulated by the TRENDY
ensemble differed considerably in both direction and magnitude for the globe and China,
as compared with the response to atmospheric CO2 (Figure 3a,b). The TRENDY ensemble
predicted a decrease in the LAI trend by −0.001 ± 0.001 m2 m−2 yr−1 for the globe
and −0.0002 ± 0.003 m2 m−2 yr−1 for China during the period of 1982–1998 and by
−0.0001 ± 0.002 m2 m−2 yr−1 for the globe and −0.007 ± 0.008 m2 m−2 yr−1 for China
during 1999–2012. The simulated responses of the LAI trend to climate change differed
significantly in magnitude for China between the two periods. For example, the decreasing
LAI trend in China from 1999 to 2012 was simulated to have been more than 32 times
greater than that from 1982 to 1998.

For China, the TRENDY ensemble simulated a much greater decrease in the LAI trend
than it did for the globe. Climate change was the most important mechanism for this
simulated decrease in the LAI trend across China during the hiatus period of 1999–2012
(Figure 3b). Surface air temperature and precipitation are the most important factors
regulating LAI. Most vegetation growth and productivity over land is determined by these
two factors, both globally and in specific regions [10,40–42]. For example, high precipitation
was found to contribute about 12%, thereby helping to offset land-to-atmosphere CO2
fluxes driven by long-term negative temperature and direct radiative contributions [28].
In addition, some studies have reported the importance of VPD will increase under the
warming climate [43–45].

3.3. Implications of Climatic Variables for Estimated LAI Trends

Based on CRUNCEP data, Figure 4 illustrates that precipitation in China decreased
from 1999 to 2012 (y = −0.14x + 3.29, p = 0.07), while the precipitation trend from 1982 to
1998 remained non-significant (y = 0.04x − 0.35, p = 0.43). From 1982 to 1998, the globe
showed a slight increasing trend in precipitation (y = 0.03x − 0.56, p = 0.56), and a similar
trend was found for the globe during 1999–2012 (y = 0.02x + 0.01, p = 0.74). The trend of
air temperature over land after 1999 was lower than that from 1982 to 1998 over globally
vegetated areas. China showed a decreasing trend in air temperature (y = −0.03x + 1.57,
p = 0.29). Before 1999, decreasing trends of total incident solar radiation over both the globe
and China were revealed, while an increase in total incident solar radiation was shown
during the period of 1999–2012. However, as a result of global warming, the VPD globally
and over China increased significantly by 0.028 and 0.051 hPa yr−1 (p < 0.05), respectively,
during the period of 1999–2012 compared with the period of 1982–1998 (Figure 5).
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Figure 4. Changes in growing-season-average climate drivers (SAT: surface air temperature; PR:
precipitation; SRAD: solar radiation) for the (a–c) whole terrestrial ecosystem and (d–f) China over
the period of 1982–1998 (red) and 1999–2012 (blue), where SAT, PR or SRAD (y) is calculated by the
time (x) using a linear regression, p represents significant level.
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and (b) China. Two asterisks indicate that the trend is statistically significant (p < 0.05).

To quantify the underestimation of the LAI trend simulated by the TRENDY ensemble,
we further explored the LAI sensitivity to climate variables (i.e., air temperature, precipi-
tation, shortwave radiation, and VPD) using the simulations of S2 minus S1 from 1999 to
2012, compared with those during the period of 1982–1998. The simulation-based datasets
showed similar LAI sensitivity to VPD, whereby a decrease in LAI for China was shown
(average of −0.058 m2 m−2 ranging from −0.177 to 0.006 m2 m−2, with a VPD increase
of 1 hPa) during the warming hiatus (Figure 6), which was opposite to that during the
warming period (average of 0.039 m2 m−2 ranging from −0.009 to 0.172 m2 m−2, with a
VPD increase of 1 hPa).
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Figure 6. Sensitivities of LAI to VPD during the growing season for (a,c) the globe and (b,d) China
during (a,b) 1982–1998 and (c,d) 1999–2012, derived from 13 TRENDY models (unit: (hPa)−1). TR
means the average of TRENDY models. Horizontal lines indicate ±σ. Two asterisks indicate that the
trend is statistically significant (p < 0.05) and one asterisk indicates statistical significance at the 0.1 level.

However, faintly positive sensitivities of global LAI to VPD were apparent before the
late 1990s but did not pass at the 5% level using the Mann–Kendall test (p > 0.05). Most
TRENDY models showed stronger positive responses afterwards. Thus, a negative impact
on LAI of the significantly enhanced VPD from 1999 to 2012 was shown at the global
scale. On the basis of the estimated LAI sensitivity, we also estimated the contributions
of surface air temperature and precipitation to global LAI over the two study periods
(Figures S1 and S2). Only a few models showed significant LAI sensitivity to these three
climatic variables.

3.4. Implications of Land-Use Change for Estimated LAI Trends

In both periods, the simulated LAI trends from terrestrial ecosystem models were less
responsive to changes in land use than they were to atmospheric CO2 or climate change.
Changes in land use caused the LAI trend to decrease for the globe but resulted in an
increase in the LAI trend for China (Figure 3). To report the uncertainty in our estimate,
we used a range of ±1 standard deviation (σ) [24], revealing that the standard deviation of
the trend in LAI for China across ecosystem models was ±0.007 and ±0.004 m2 m−2 yr−1



Land 2022, 11, 393 11 of 16

before and after the late 1990s, respectively. Although the uncertainty in every aspect for
China was large (e.g., climate change), the uncertainty of land use in China’s LAI trends
in the past 30 years was the greatest in terms of the magnitude and sign of each TRENDY
model (Figure 7). This is because land-use and land-cover datasets are inherently uncertain
in China, just as they are in other parts of the world, as concluded by Piao et al., (2018) [6].
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4. Discussion

We have examined whether terrestrial ecosystem models can adequately capture the
observed enhanced contribution of China to the global increasing trend in LAI after the
late 1990s, based on results from 13 such models. We found that the simulated LAI trends
of most models did not match the satellite LAI trends for China. Only the LPJ, ORCHIDEE,
SDGVM, and VISIT models showed greater increasing LAI trends after the late 1990s,
similar to the satellite-based LAI trend estimates (Figure 2). The terrestrial ecosystem
models showed a smaller contribution of China to the global increasing LAI trend than did
the satellite-based datasets, with a reduction of ~7.81%.

In one respect, our results support an underestimation of China’s contribution to the
global LAI trend during the warming hiatus, which has been observed as an enhanced con-
tribution during the same period. The significantly increased VPD might have strengthened
the negative climatic impact on the LAI trend for China. Owing to the high evaporative
demand of the air, an increasing trend of VPD (Figure 5) might prompt enhanced stomatal
closure, which can help to avoid excess water loss [46]. Carbohydrate reserves are depleted
and tissue-level carbohydrate starvation can be caused by such enhanced stomatal clo-
sure [47]. Thus, plant growth, production, and respiration become restricted [16,48,49].
Indeed, enhanced VPD in the southwestern United States has been shown to determine
warm-season drought linked to dehydrated plant tissues and reduced plant productivity,
thereby leading to increased plant mortality [50]. In addition, during the hiatus period
with a warmer climate, the negative contributions of VPD for China were likely enhanced,
resulting from stomatal regulation [44,45]. Plus, it is difficult to isolate the relative contribu-
tions of higher VPD from the combined climatic impact, including warmer temperatures
and the decreasing trend in precipitation for China.

Our results imply that most terrestrial ecosystem models cannot capture negative LAI
trend responses to enhanced VPD at the global scale (Figure 6). The globally averaged
sensitivity of LAI to VPD simulated by TRENDY was positive, at ~0.018 ± 0.053. The sign
of the sensitivity differed from the previous estimation by Yuan et al. [16], possibly indicating
a mismatch between the models used in this study and observations with respect to the
relationship between LAI and enhanced VPD. The results of our analysis suggest that an area
for future model improvements is the negative impact of enhanced VPD on vegetation.

In another respect, other problems in reproducing the observed reduced increasing
LAI trend responses to CO2 concentrations may challenge the ability of models to predict
vegetation states. Models participating in the TRENDY project (Table 1) predicted a
continuous increase in the LAI trend during the warming hiatus due to CO2 fertilization
effects (Figures 3 and 7). However, a recent study using multiple long-term satellite- and
ground-based datasets [51] showed that global CO2 fertilization effects declined across
most terrestrial regions of the globe. Regarding these two aspects, the responses of global
LAI trends to increased VPD and CO2 concentrations might explain why there is no
underestimation at the global scale compared with the observed increasing LAI trend. At
the global scale, our results suggest that most terrestrial ecosystem models cannot well
reproduce in both direction and magnitude of vegetation responses to VPD (Figure 6). Thus,
this predicted negative impact on vegetation growth considerably results from increasing
VPD, which must be inspected cautiously when estimating the regional contribution to
global greening.

Finally, it is important to highlight that uncertainties remain in terms of the magnitude
of the sensitivity of LAI to land-use change for terrestrial ecosystem models [52]. The
impacts of land-use change on LAI trends depend crucially on the regional climate, prior
land cover, and scale of management [53,54]. Afforestation in China will have larger
positive impacts than at the global scale because of the intensive ecosystem management in
China. Recently, it was reported that China alone accounts for 25% of the global net increase
in leaf area, with only 6.6% of the global vegetated area according to satellite data [12].
However, growth rates of LAI can be dampened or enhanced by changes in local land cover
and land use (e.g., for China) in the second period, as derived from ecosystem models
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(Figure 7). In total, 7 out 13 ecosystem models show a negative impact of land-use changes
on LAI trends for China, in contrast to satellite-based LAI estimates [12]. It should be noted
that a few models are now capable of considering other human land-use management
factors such as forest management and changes in cultivation practices, crop varieties, and
phosphorus and potassium limitations [1]. For China, the lack of these factors in ecosystem
models might be a cause of the mismatch between observed and simulated LAI trends.

5. Conclusions

This study investigated the regulation by different drivers of China’s contribution to
the global trend in LAI. The results show that current terrestrial models have poor ability in
reproducing China’s contribution to global greening. In particular, China’s contribution to
global greening from 1999 to 2012 has been underestimated by ~7.81% (Figure 8). Climate
changes dominate this underestimation of China’s contribution. Explicitly, global VPD
substantially increased after 1999. Conversely, current terrestrial models did not well
reproduce global vegetation growth responses to continuously increasing VPD after 1999.
In addition, our results show a poor ability of current terrestrial models in reproducing
the positive impact of land-use changes (i.e., afforestation) on vegetation growth for China.
Generally, this study highlights the dominant role of both VPD and land-use change on
China’s contribution to the global greening.
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Figure 8. A schematic diagram of the underestimation of China’s contribution to global greening by
terrestrial ecosystem models during the period of 1999–2012. On the one hand, the negative effect of
a rapid increase in VPD on global LAI trends was underestimated by terrestrial ecosystem models.
On the other hand, the positive impact of afforestation in China has been underestimated or ignored
in the terrestrial ecosystem model. These have led to an underestimation of China’s contribution
to global greening. Symbols (+ or −) indicate an increase or decrease in the variable’s effect on the
increasing trend of LAI, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land11030393/s1, Figure S1: Sensitivities of LAI to surface air
temperature (SAT) during the growing season for (a,c) the globe and (b,d) China during (a,b) 1982–
1998 and (c,d) 1999–2012, derived from 13 TRENDY models (unit: ◦C−1). TR means the average of
TRENDY models. Horizontal lines indicate ±σ. Two asterisks indicate that the trend is statistically
significant (p < 0.05) and one asterisks indicates statistical significance at the 0.1 level.; Figure S2:
Sensitivities of LAI to precipitation (PR) during the growing season for (a,c) the globe and (b,d) China
during (a,b) 1982–1998 and (c,d) 1999–2012, derived from 13 TRENDY models (unit: 0.01 mm−1 year).
TR means the average of TRENDY models. Horizontal lines indicate ±σ. Two asterisks indicate that
the trend is statistically significant (p < 0.05) and one asterisks indicates statistical significance at the
0.1 level.
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