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ARTICLE INFO ABSTRACT

Keywords: The ratio of transpiration to total terrestrial evapotranspiration (T/ET) plays an important role in the hydro-
Transpiration to total terrestrial logical cycle and in the energy budgets between the land and the atmosphere. Although China has experienced
evapotranspiration ratio (T/ET) substantial climate warming and vegetation restoration (i.e., greening) over the past decades, the response of T/
Greening

ET to the changing climate and environmental factors is poorly understood. Here, we apply a model-data fusion
method that integrates the Priestly-Taylor Jet Propulsion Laboratory (PT-JPL) model with multivariate ob-
servational datasets (transpiration and evapotranspiration) to quantify the relative contributions of multiple
factors to the T/ET trend for the terrestrial ecosystem of China from 1982 to 2015. Validation against the
observational data indicates that the PT-JPL model performed well. The multi-year average T/ET was estimated
to be 0.56 * 0.05 in China. The T/ET of the forest ecosystems (0.65-0.72) was generally higher than that of the
non-forest ecosystems (0.41-0.60). T/ET increased remarkably at a rate of 0.0019 yr~* (P < 0.01) during the
study period. Leaf area index increased significantly over the period, by 0.0031 m?>m ™2 yr™. It appears that
greening and climate change were the most likely causes of the increasing T/ET in China, directly explaining
57.89% and 36.84% of the T/ET trend, respectively. Particularly, in the subtropical-tropical monsoonal region,
greening directly contributed 24.43% to the T/ET trend whereas climate change contributed 60.95%. The in-
fluences of greening and climate change on T/ET trends are mutually reinforcing. Additionally, partial corre-
lation analyses between the climate-driven T/ET and the climate variables indicate that warming (0.04 °C yr~*,
P < 0.01) was the major driving force of the climate-induced interannual variability of T/ET across the whole
study area (R = 0.84), especially in the subtropical-tropical monsoonal region (R = 0.89). Our results may help
elucidate the interactions between terrestrial ecosystems and the atmosphere within the context of long-term
global climate changes.

Climate warming

Model-data fusion

PT-JPL model

Terrestrial ecosystem of China

1. Introduction terrestrial ecosystems (Jung et al., 2010; Seneviratne et al., 2006). This
process consists of biological transpiration (T), soil evaporation (ES),

Evapotranspiration (ET) is a complex ecohydrological process that and canopy interception evaporation (EI) (Kool et al., 2014; Wang and
plays a pivotal role in the carbon cycle and energy budgets of the Dickinson, 2012). An accurate quantification of the ratio of
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transpiration to total terrestrial evapotranspiration (T/ET or T/
(T + ES + ED)) is indispensable in the estimation of land water flux,
which in turn can provide a deeper insight into the global interactions
between the atmosphere and the terrestrial ecosystems (Lian et al.,
2018). Quantifying the impact of changing environmental on T/ET is an
important topic of research (Fisher et al., 2017). Over recent years, a
wide range of approaches has been used to estimate T/ET (e.g.,
Jasechko et al., 2013; Maxwell and Condon, 2016; Lian et al., 2018),
but none of these studies has quantified the relative contributions of
multiple factors to the current terrestrial T/ET trend.

Of particular importance to water security and ecosystem manage-
ment is the ability to quantify the impacts of multiple environmental
factors to T/ET (Fisher et al., 2017). Several studies have focused on
how T/ET responds to a range of biotic and abiotic variables (Granier
et al., 1996; Kool et al., 2014; Good et al., 2015; Fatichi and Pappas,
2017; Li et al., 2019), but no uniform conclusion has been reached. For
example, most studies have shown that vegetation plays a dominant
role in evapotranspiration partitioning (e.g., Scanlon and Kustas, 2012;
Wang et al., 2014; Zhou et al., 2016; Fatichi and Pappas, 2017), while
other studies have found that the correlation between leaf area index
(LAD) and T/ET is not statistically significant (Gu et al., 2018). Ad-
ditionally, climate change, energy variability, CO, fertilization and
other environmental factors are known to affect T/ET in ways that are
inherently nonlinear and difficult to simulate (Loik et al., 2004; Moran
et al.,, 2009; Bell et al., 2010; Costa et al., 2010; Schlesinger and
Jasechko, 2014; Zhu et al., 2015; Li et al., 2018a; Stoy et al., 2019). Due
to its large variability in climate and topography (Piao et al., 2005),
China is ideal for investigating the responses of T/ET to environmental
changes. Moreover, China’s terrestrial ecosystem has experienced a
complex set of dramatic changes in climate (e.g. climate warming)
(Piao et al., 2010) as well as extensive vegetation greening (Piao et al.,
2015; Li et al., 2018b) during the past few decades. These changes have
profoundly altered the hydrological and physiological processes of the
terrestrial ecosystems (Li et al., 2018b). Although a wide of studies
highlight the significance of these environmental changes to terrestrial
T/ET in China (e.g., Hu et al., 2009; Chang et al., 2014; Zhu et al., 2015;
Song et al., 2018; Zhou et al., 2018), little is known about how con-
current changes of all of them have affected the T/ET trend of China’s
terrestrial ecosystem.

Previous research has improved our knowledge of T/ET, but its
magnitude is still subject to debate (e.g., Wei et al., 2017; Jasechko
et al., 2013; Kool et al., 2014; Zhou et al., 2016; Xiao et al., 2018;
Talsma, 2018). For example, the isotope-based method produced T/ET
higher than 70%, global land surface model estimated the T/ET to be
approximately 50%, and hydrometric method calculated T/ET ex-
ceeding 50% (Sutanto et al., 2014). Although site measurements pro-
vide accurate local information on the T/ET ratio, their relative scarcity
and inconsistent measurement (from only a few days or months up to
years) precludes large scale up-scaling. Alternatively, models offer an
effective way to derive T/ET estimates across temporal and spatial
scales (Lian et al., 2018). By combining a set or sets of observations and
a model, the model-data fusion method makes it possible to estimate
model parameters and their respective uncertainties (Williams et al.,
2009). Recently, the model-data fusion method has been increasingly
used to optimize evapotranspiration model parameters and quantify
model uncertainties based only on the observed evapotranspiration
(Clark and Gelfand, 2006; Garcia et al., 2013; Zhu et al., 2013, 2014a;
Zhang et al., 2017; Gu et al., 2018). Those studies have remarkably
improved the accuracy of overall evapotranspiration simulations;
however, the combination with multiple parameters input to a de-
terministic model would generate large uncertainties in evapo-
transpiration partitioning (Reinds et al., 2008; Zhu et al., 2013).
Therefore, simultaneous parameterization of evapotranspiration and
transpiration in a deterministic model, based on observational evapo-
transpiration and transpiration data, is very essential for reducing the
error in simulated T/ET. However, such studies are relatively rare (Zhu
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et al., 2014b).

With the rapid development of satellite technology, remote sensing-
driven models have been widely used to estimate evapotranspiration
and its partitioning (Cleugh et al., 2007; Mu et al., 2007; Fisher et al.,
2008; Yao et al., 2013; Zeng et al., 2014; Liu et al., 2016; McCabe et al.,
2019). Among these models, the Priestly-Taylor Jet Propulsion La-
boratory (PT-JPL) model has been extensively used, due to its minimal
requirements for local measurements (Fisher et al., 2008; Ershadi et al.,
2014; McCabe et al., 2016; Zhu et al., 2016a) and that performed best
among the four commonly used evapotranspiration models for most
ecosystems and climate regions (Michel et al., 2016; Miralles et al.,
2016). The PT-JPL model is considered to be effective for analyzing ET
partitioning (Fisher et al., 2008; Gu et al., 2018).

The objective of this study is to investigate the T/ET trend in China
for the period from 1982 to 2015. We first use observational tran-
spiration and evapotranspiration data from multiple ecosystems to
constrain the key parameters of the PT-JPL model, and then calculate
T/ET using the optimized model parameters. Using simulation experi-
ments of different scenarios and partial correlation analysis, we finally
partition and attribute the T/ET trend to the changes in LAI, climate,
and energy.

2. Methods and data
2.1. Methods

2.1.1. PT-JPL model

To overcome the wuncertainty of the resistances in the
Penman-Monteith equation, Priestley and Taylor (1972) designed a
simple model for estimating potential evapotranspiration from wet
surfaces (Yao et al., 2013). Based on four plant physiological constraints
and one soil drought limitation, Fisher et al. (2008) developed the PT-
JPL model for translating estimated potential evapotranspiration into
actual evapotranspiration. In the PT-JPL model, ET has been parti-
tioned into Soil evaporation (ES), interception evaporation (LE) and
canopy transpiration (T). These are calculated as follows:

ET=ES+ET+T @
A
ES = (fyer +fem —fwct))“A—”(Rns -G @
A
El = —2 Ry
fwetaA + y (3)
T = (1 = fy fufefu @R
- wet JgJT/M A+yHC (4)

where a is the PT coefficient of 1.26 for a water body (unitless), A is the
slope of the saturation-to-vapor pressure curve (kPa °C™1'), y is the
psychrometric constant (0.066 kPa °c™Y, Gis ground heat flux (W
m™?), R, is the net radiation to the canopy (W m™2), and is defined as
Ryc = Ry — Rns, where R, is the net radiation (W m~2) and R, is the
net radiation to the soil (W m~2). R, can be calculated as
Rus = Rye *ralAl (Eisher et al., 2008), where kg, is the extinction
coefficient (unitless) (Impens and Lemur, 1969) and LAI is the leaf area
index (m®m™2). fye is the relative surface wetness, fgy is the soil
moisture constraint, f, is the green canopy fraction, fr is the plant
temperature constraint, and fy is the plant moisture constraint, these
parameters are all unitless and calculated as follows:

Jwer = RH* )
fSM — RHVPD/B 6)
Jg = farar fipar @
fT - e*((Ta*Topl)/Topl)z (8)
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Fu = Farar /fararmax (C)]

where RH is relative humidity (%), VPD is saturation vapor pressure
deficit (kPa), T, is air temperature (°C), T, is optimum temperature for
plant growth (°C), f3 is the sensitivity of the soil moisture constraint to
VPD (kPa). fipar is the fraction of photosynthetically active radiation
(PAR) intercepted by canopy (unitless), and fapar is the fraction of PAR
absorbed by canopy (unitless), faparmax iS the maximum fapar. To ob-
tain a long-term sequence simulation of T/ET using the PT-JPL model,
firar and fapar are defined as (Ruimy et al., 1999; Hatfield et al., 1984):

Japar = bi(1 — e7hxlal)

fiPAR — bz (1 _ e—kzxLAI)

where by, ki, by, and k, are parameters. Seven parameters (Supple-
mentary Table S1) in the PT-JPL model need to be estimated.

2.1.2. Global sensitivity analysis

Based on multi-source observational data (transpiration and eva-
potranspiration), Sobol’s method (Sobol, 1990, 2001) is used to identify
the sensitivity of parameters in the PT-JPL model. The model can be
expressed as

y=fX,0) (10)

where y represents the model output, X is the input variable, and 9 is
the parameter vector. The total variance of function V(y) for the mul-
tivariate datasets (transpiration and evapotranspiration) is defined as
the product of the individual V(y))s:

ve) =TI, Vo an

where V(y;) (i = 1,2) can be decomposed into summands of increasing
dimensionality (Zhang et al., 2017), which can be expressed by

K K-1 K
V(yl) = Z:m:I Vim + Z:mzl Zn:m+1 V+.+V (12)

where V;, is the partial variance with the first-order index of 6,, on the
model output y;, Vy, is the partial variance with the second-order index
of the mth and nth parameter interactions of the ith data set, k is the
length of parameters. In this method, the sensitivity effect is char-
acterized by the ratio of the partial variances to the total variance
(Zhang et al., 2013). See Supplementary Text S1 for details.

We categorized the sensitivity of the parameters as “highly sensi-
tive”, “sensitive”, and “non-sensitive” when their contributions to the
overall model output variance were > 10%, > 1%, and < 1%, respec-
tively (Tang et al., 2006). In addition, a sample size of 10,000 was used
to calculate the first-order and total-order sensitivity indices for the
seven parameters of the PT-JPL model.

2.1.3. Parameter optimization with Differential Evolution Markov Chain
According to the Bayes theorem, the posterior probability of para-
meter sets 6 can be written as

p(610) « p(018)p(6) 13)

where O are the observed datasets, p(0) is the prior probability dis-
tribution of parameter 6, p(6|0) is the posterior probability distribution
after Bayesian inference conditioned on available observations O, and p
(0|6) is the likelihood function, which reflects the influence of the
observational datasets on parameter identification (Zhu et al., 2014a;
Zhang et al., 2017).

For each dataset (evapotranspiration and transpiration), the model-
data mismatch A;(t) (i = 1,2), which represents a relative “goodness-of-
fit” measure for each possible parameter vector (van Oijen et al., 2011;
Van Oijen et al., 2005), is expressed by

Ai(t) = 0i(1) — £,(0) (14)

where O;(t) and fi(t) are observed and model estimated values of ith
dataset at time t, respectively. The likelihood can be expressed as:
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R0y
L 201-2

20’ (s)

PO:()Ie) = TT,

where T; is the total length of observations of the ith data set, o;
(i = 1,2) is the standard deviation of the model error of the ith dataset
(Braswell et al., 2005), and o0; can be expressed as

1 o5
== ZL, (8®)
D a6
The likelihood function for multivariate data sets p(0|6), used for
parameter estimation is then defined as the product of the individual p
(04(-)]6) (Richardson et al., 2010)

R0y

L e 2

V24 a7
where I is the number of datasets. The framework can be easily used
when additional observations are available (Zhu et al., 2014b). In this
study, the two datasets used to simultaneously optimize the parameter
values were eddy covariance measured evapotranspiration and sap flow
measured transpiration.

This method can reduce the prior uncertainties of the sensitive
parameters and improve model accuracy (Gu et al., 2018). In this study,
the coefficient of determination (R%) and the root-mean-square-error
(RMSE) were used to evaluate the model performance.

p(ole) = IT_, p(o;()18) = TI_, TI,

2.1.4. Simulation setup and analysis

To better understand the mechanisms controlling T/ET in the ter-
restrial ecosystem, we conducted seven simulations to examine the ef-
fects of three factors: LAI, climate and energy (Table 1). In our study,
the climate effects included the influences of temperature and relative
humidity. Energy effects referred to the impacts of net radiation.

To determine the relative importance of these three factors on ter-
restrial T/ET in China, we designed the following protocol. In the
combined simulation (experiment 1, Table 1), we allowed all environ-
mental factors to vary during the study period to determine the overall
effects. In the following three simulations (experiments 2—4, Table 1),
we held one of the driving environmental factors constant at an initial
level, while allowing the others to change over time. Then, the effects of
each environmental factor on terrestrial T/ET was quantified by cal-
culating the difference in T/ET between the experiment where all fac-
tors changed over time and the experiment where the factor of interest
was held constant. This approach captures both the direct effects of
each environmental factor on terrestrial T/ET and the interactive effects
of each factor with the other environmental factors. To examine the
relative importance of interactive versus direct effects, we conducted
another three simulations (experiments 5-7, Table 1) where only one of
the environmental factors was allowed to change over time. Therefore,
the direct effect of the LAI dynamic (‘LAI Only’), climate change (‘CLIM
Only’) and energy variability (‘RAD Only’) can be captured by the fifth,
sixth and seventh experiment, respectively. The combined direct and

Table 1
Parameters and time periods used in each simulation experiment.
Experiment LAI Climate Energy Scenario
1 1982-2015 1982-2015 1982-2015 All Combined
2 1982 1982-2015 1982-2015 Combined without LAI
3 1982-2015 mean 1982-2015 Combined without
Climate
4 1982-2015 1982-2015 mean Combined without
Radiation
5 1982-2015 mean mean LAI only
6 1982 1982-2015 mean Climate only
7 1982 mean 1982-2015 Radiation only

“Climate” refers to temperature and relative humidity. “Energy” refers to net
radiation.



Z. Niu, et al.

interactive effects of the LAI dynamic (‘LAI+’), climate change (‘CLIM
+7’) and energy vary (‘RAD+’) can be determined as the differences
between the first and second scenarios, first and third scenarios, and
first and fourth scenarios, respectively.

In addition, to compare the response of interannual variations in T/
ET to annual temperature and precipitation, a partial correlation ana-
lysis was carried out on the results of scenario 6 in Tablel. Regional
mean T/ETs were calculated from regional mean transpiration and
evapotranspiration values. The trend in regional T/ET was determined
from the linear least squares regression of T/ET against year. Linear
least squares regression method was also used to examine the slope of
T/ET at the pixel scale.

2.2. Data

2.2.1. Observational data

In this study, water flux data (transpiration and evapotranspiration)
from published literature were used to identify the sensitive parameters
and evaluate the performance of the PT-JPL model across different
biomes. The observational evapotranspiration data cover 15 forest sites,
15 grassland sites, 15 cropland sites, and 7 wetland sites (Zheng et al.,
2016). Additional transpiration data for China were collected in this
study, comprising 20 forest sites, 2 shrub sites, 3 cropland sites, and 1
grassland site (Fig. 1). We adopted the following methods to screen
these data. First, transpiration flux data were measured using only the
sap flow method at individual sites. However, the sap flow method is
not applicable to grassland sites; therefore, for the grassland site, we
inversed the data using the Hydrus-1D model, based on the site mea-
surement data (Zhao et al., 2010). Second, we selected only those sites

60°E  70°E
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with at least 1 year of continuous flux measurements. Meanwhile, the
data measured only during the growing season or longer than the
growing season were used to represent the annual transpiration, be-
cause the contribution of transpiration during the winter to the annual
transpiration is negligible. Detailed information for each site is listed in
Supplementary Table S2. Furthermore, using a map of climatic regions
in China (He et al., 2019), we classified the country into four climatic
regions (i.e., high-cold Tibetan Plateau region (TP), temperate con-
tinental region (TCon), temperate monsoonal region (TMon), and sub-
tropical-tropical monsoonal region (SubT)) to investigate responses of
the terrestrial T/ET to environmental changes in different climatic re-
gions

2.2.2. Remote sensing data

Remote sensing, which provides consistent LAI measurement data-
sets, has been widely used to monitor terrestrial vegetation growth
(Piao et al., 2015). In this study, the arithmetic means of LAI from the
Global Land Surface Satellite (GLASS) (Xiao et al., 2014, 2016) and
Long-term Global Mapping (GLOBMAP) (Liu et al., 2012) data sets were
used to assess vegetation growth. The GLASS LAI dataset was generated
from AVHRR and MODIS reflectance data with general regression
neural networks (Xiao et al., 2014). The temporal resolution of this
dataset is 8 d and the spatial resolution is 0.05°. The GLOBMAP LAI
dataset was constructed by merging the AVHRR LAI (1982-2000) with
MODIS LAI (2000-2011) (Liu et al., 2012). The temporal resolution of
GLOBMAP LAI is half a month during 1982-2000 and 8 d during
2001-2015, and the spatial resolution is 0.08".

Repeated long-term satellite vegetation index measurements show a
notable greening trend in the terrestrial ecosystem of China since 1982

80°E 90°E 100°E 110°E 120°E 130°E 140°E

40° N+
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Fig. 1. Spatial distributions of sites for evapotranspiration (Obs_ET) and transpiration (Obs_T) observations in China. The base map reflects vegetation cover of China
(Liu et al., 2002). EBF = evergreen broadleaf forest; DBF = deciduous broadleaf forest; ENF = evergreen needleleaf forest; DNF = deciduous needleleaf forest;
MF = mixed forest; SHR = shrubland; GRA = grassland; and CRO = cropland. The division of climatic regions is from the China Natural Geography Atlas (He et al.,
2019). TP = high-cold Tibetan Plateau region; TCon = temperate continental region; TMon = temperate monsoonal region; and SubT = subtropical-tropical

monsoonal region.
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Fig. 2. Changes in (a) leaf area index (LAI), (b) annual mean temperature, (c) annual precipitation, and (d) annual net radiation in China for the period of

1982-2015.

(Piao et al.,, 2015). The annual increase in LAI was 0.0031 m?>m ™2

(P < 0.01) over the period 1982-2015, based on the forcing data used
in this study (Fig. 2a).

2.2.3. Meteorological and energy data

We generated the gridded meteorological data (temperature, re-
lative humidity and precipitation) from 1098 ground meteorological
stations using ANUSPLIN interpolation computer software (Wang et al.,
2017). The net radiation data were calculated from the FAO Penman
model. Daily surface net radiation data for 53 radiation sites were used
to optimize the model parameters, and then the net radiation data for
699 weather sites were calculated using the FAO Penman model and
measurement data of these stations. Finally, the gridded net radiation
data were obtained using ANUSPLIN interpolation computer software
(Gao et al., 2013; Ren et al., 2018).

China has experienced significant climatic warming (Piao et al.,
2010) and the annual temperature has increased by 0.04 °C yr~? since
1982 (P < 0.01) (Fig. 2b), while annual precipitation has not changed
significantly during this period (Fig. 2c). Moreover, net radiation in
China has declined significantly during the past decades (Ren et al.,
2018; Wild, 2009; Wild et al., 2009), with a decrease of 0.12MJ yr ™!
(P < 0.01) (Fig. 2d).

3. Results
3.1. Parameter optimization and validation

We use the observational transpiration and evapotranspiration data
and Sobol’s method to test the sensitivity indices of the PT-JPL model
parameters across different ecosystems. Supplementary Figure S1
shows that four of the parameters, kq, ks, B and Ty, are the most
sensitive across various ecosystems, implying that these factors have
the most influence on transpiration and evapotranspiration. Top has the
highest first-order sensitivity indices in the forest and crop ecosystems
(0.88 and 0.79, respectively), and  has the highest sensitivity indices in
the shrub and grassland ecosystems (0.56 and 0.27, respectively).

We further use the Differential Evolution Markov Chain (DEMC)
method to sample the posterior distributions of the sensitivity para-
meters (Supplementary Figure S2). The optimized f has a relatively low
value (0.80) in the grassland ecosystem, suggesting that the surface
constraint to the soil water content should be enhanced (Zhang et al.,

2017). The T, parameter is highly correlated to the dynamic algo-
rithms that we analyzed (Supplementary Figure S3), suggesting that our
optimized values are reasonable. Variations in the optimized median k;
and ky are large in the shrub ecosystem, mainly due to their relatively
low sensitivities. Based on the posterior distributions of the sensitivity
parameters, we tabulate the value of key parameters for the PT-JPL
model for different ecosystems in the terrestrial ecosystem of China
(Supplementary Table S3).

The accuracy of estimated T/ET depends on the accuracy of the
simulated transpiration and evapotranspiration. Fig. 3 compares the
model performance by using the optimized and original parameters
with the directly observed transpiration and evapotranspiration data:
the model using the optimized parameters performed better than that
using the original parameters, especially for non-forest sites. For eva-
potranspiration, comparing all sites, forests sites and non-forest sites,
the R? values increased from 0.67, 0.60, and 0.53 to 0.71, 0.68, and
0.64, respectively, and RMSE decreased from 209.54 mm yr‘l,
217.53mm yr~ %, and 203.59 mm yr ' to 153.57 mm yr ', 147.27 mm
yr~!, and 116.12 mm yr~?, respectively (Fig. 3a). For transpiration, the
optimized model also performed better than the original model, the R
value increased from 0.38 to 0.63 and RMSE decreased from
110.64 mm yr~ ! to 68.12 mm yr ! for all sites. For the non-forest sites
in particular, the R* value increased remarkably, from 0.23 to 0.69, and
RMSE decreased from 134.03 mm yr~! to 72.46 mm yr~! (Fig. 3b).

3.2. Spatial pattern of T/ET

The spatial pattern of mean annual T/ET for the period of
1982-2015 is shown in Fig. 4a. The annual T/ET is generally higher
than 0.5 for the extensive monsoonal regions of China. Extensive forest
cover, abundant precipitation, and high temperatures account for the
high T/ET in these areas. In contrast, the annual T/ET is usually lower
than 0.4 in the temperate-continental and high-cold Tibetan Plateau
areas that are dominated by the alpine grasslands or deserts.

The multi-year average annual T/ET for the terrestrial ecosystems of
China is 0.56 = 0.05 (mean *+ standard deviation) during the period
of 1982-2015. The highest T/ET occurs in the subtropical-tropical
monsoonal region (annual average 0.63 *+ 0.06) followed by the
temperate monsoonal region (annual average 0.60 *+ 0.05), the tem-
perate continental region (annual average 0.46 = 0.07), and the high-
cold Tibetan Plateau region (annual average 0.33 = 0.03) (Fig. 4b).
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Meanwhile, T/ET varies widely among biomes. For example, forest
ecosystems generally have higher annual T/ET than non-forest eco-
systems (Supplementary Figure S4). Transpiration accounts for > 65%
of the total evapotranspiration in forest ecosystems and the highest T/
ET occurs in deciduous needleleaf forests (annual average
0.72 =+ 0.15). For non-forest ecosystems, the annual average T/ET of
the shrub ecosystem is almost 0.60, followed by croplands (annual
average 0.55 + 0.11). Grasslands have the lowest annual average T/
ET (0.41 = 0.09), which can be ascribed to the low vegetation cover.

3.3. T/ET trend

Fig. 5 shows the trend in T/ET during the period of 1982-2015
related to environmental changes. T/ET values that were estimated
using the ‘all combined’ simulation scenario demonstrate a remarkable
positive trend, with an annual increase of 0.0019 yr’l (P < 0.01)
(Fig. 5d). This significant increasing trend in T/ET is consistent for
several regions (P < 0.01), and the largest annual increase in T/ET was
found in the temperate continental region, with an increase of 0.0031
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yr~!. The annual increase in T/ET for the subtropical-tropical mon-
soonal, temperate monsoonal, and high-cold Tibetan Plateau regions is
0.0021 yr~*, 0.0015 yr~!, and 0.0014 yr~?, respectively (Fig. 5e).
We investigate the direct contribution of the forcing factors to the
T/ET trend using experiments 5 through 7. For the terrestrial ecosys-
tems of China, the variation in LAI directly contributes 0.0011 yr~? to
the increase in T/ET (P < 0.01), accounting for about 57.89% of the T/
ET trend using the ‘all combined’ simulation scenario (Fig. 5a). His-
torical climate variation also directly contributes substantially to the
increase in T/ET (0.0007 yr~ '), explaining 36.84% of the variation in
the T/ET trend (Fig. 5b). However, net radiation plays a minor role in
the increasing T/ET trend. In the ‘RAD Only’ simulation scenario, the T/
ET anomaly is nearly zero (Fig. 5¢). Fig. 5e shows that LAI is the most
important driving factor for the increasing T/ET trend, and climate
variation is the second most influential factor for the increasing T/ET
trend in the temperate continental and temperate monsoonal regions. In
the high-cold Tibetan Plateau region, LAI also dominates the increasing
T/ET trend, whereas climate variation reduces the slope of the T/ET
trend. While in the subtropical-tropical monsoonal region, LAI directly
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Fig. 4. (a) Spatial pattern of mean annual T/ET in the terrestrial ecosystem of China during the period of 1982-2015, and (b) mean annual average T/ET for each

region.
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Fig. 5. Relative importance of environmental factors on the T/ET trend in China from 1982 to 2015. ‘LAI only’, ‘CLIM only’ and ‘RAD only’ represent the direct
influence of LAI, climate, and energy, respectively. ‘LAI+’ and ‘CLIM +’ represent both the direct and interactive influences of LAI and climate.

contributes only 21.43%, and climate variation directly contributes
60.95% of the increasing T/ET trend. Net radiation has a negligible
impact on the increasing T/ET trend in the different regions. This is also
the case at the national scale.

LAI dynamic has an indirect effect on T/ET by enabling plants to be
more responsive to climate change, and climate change also has an
indirect effect on T/ET by promoting the effect of LAI (Fig. 5e). Ac-
cording to our analyses, increased LAI could lead to a larger effect of
climate change on the T/ET trend (78.95%), than that resulting from
climate change alone (36.84%), throughout the study area. Thus, cli-
mate change effects may vary from 36.84% to 78.95%, depending on
the existence and magnitude of its interactions with LAI. Meanwhile,
LAI dynamics also show a larger effect (68.42%) on T/ET trend when
considering interactions with climate change, compared to their direct
effects (57.89%). For the temperate-continental, temperate-monsoonal,
and subtropical-tropical monsoonal regions, the effects of LAI dynamic
and climate change on T/ET trends are mutually reinforcing, which
consistent with the results of national scale. However, for the high-cold
Tibetan Plateau region, the impacts of LAI and climate partly offset
each other (Fig. 5e). The interactions among net radiation and the other
environmental factors show negligible impact on the increasing T/ET
trends; these interactions are not apparent in Fig. Se.

The simulation scenarios ‘LAI Only’ and ‘CLIM Only’ both reveal
that T/ET increased from 1982 to 2015. Nevertheless, these models
differ in terms of transpiration and evapotranspiration. According to
Fig. 6a, changes in LAI (‘LAI Only’) can lead to an increase in both

evapotranspiration and transpiration. The increase in evapotranspira-
tion (0.02%-0.06%) is lower than that in transpiration (0.04%-0.37%)
for all regions. According to the ‘CLIM Only’ simulation, evapo-
transpiration in China is relatively stable from 1982 to 2015, with an
annual increase of 0.03%, while transpiration rate increases by 0.26%
yr_1 (Fig. 6b). Net radiation (‘RAD Only’) can cause evapotranspiration
and transpiration to decrease by similar proportions across the whole
study area (Fig. 6¢). Overall, the ‘All Combined’ scenario indicates that
environmental changes caused transpiration to increase (0.33% yr~ ')
and reduced evapotranspiration (-0.04% yr~') across the whole study
area. These results are mostly consistent with those for the temperate
continental, temperate monsoonal, and subtropical-tropical monsoonal
regions. Meanwhile, although changes in environmental factors can
raise evapotranspiration and transpiration in the high-cold Tibetan
Plateau region, the increase in evapotranspiration is lower than that in
transpiration (Fig. 6d).

The spatial pattern of the sensitivities of the T/ET trend to LAI,
climate, energy, and all drivers is shown in Fig. 7. LAI raised T/ET in
71% of the entire study area and increased it significantly in 42%
(P < 0.05) of the study area. The temperate monsoonal region has the
highest increase in T/ET. Meanwhile, T/ET declined in about 29% of
the study area, mainly in northeastern China and part of the south-
western subtropical-tropical monsoonal region (Fig. 7a). On their own,
climate factors raised T/ET in most parts of the temperate continental,
temperate monsoonal, and subtropical-tropical monsoonal regions, but
lowered it in the high-cold Tibetan Plateau region (Fig. 7b). Changes in
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Fig. 6. Changes in evapotranspiration and transpiration rate according to (a) ‘LAI Only’, (b) ‘CLIM Only’, (c) ‘RAD Only’, and (d) ‘All Combined’ for the period of
1982-2015. Evapotranspiration and transpiration trends were normalized by their multi-year average values.

net radiation had much less effect on the T/ET trends than changes in
either LAI or climate over the study period. The slope of the T/ET trend
across the study area is between -0.002 and 0.002 (Fig. 7c). When the
effect of all the drivers was combined, there is a positive T/ET trend in
about 80% of the pixels and negative T/ET trend only in part of
northeastern China and the high-cold Tibetan Plateau (Fig. 7d). We
further analyzed the effect of different factors on evapotranspiration
and transpiration and found that evapotranspiration and transpiration
have different sensitivities to the changes in LAI, climate, and energy
(Supplementary Figure S5).

To further investigate the effect of climatic variables on the in-
creasing T/ET trend, we conducted a partial correlation analysis by
comparing the annual T/ET series calculated from ‘CLIM Only’ with
climatic conditions (mean annual temperature and annual cumulative
precipitation) for China’s terrestrial ecosystems during the period of
1982-2015 (Fig. 8). T/ET is significantly positively correlated with
mean annual temperature (R = 0.84), while it is non-significantly ne-
gatively correlated with annual cumulative precipitation (R = -0.47)
for the whole study area. The correlations between T/ET and climatic

variables in the different regions are consistent with those for the whole
country, especially in the subtropical-tropical monsoonal region
(R = 0.89). This suggests that, both nationally and regionally, tem-
perature change is the most important driver of the portion of inter-
annual T/ET variation that could be ascribed to climate (Fig. 8).

The spatial pattern of the partial correlation coefficient between T/
ET and climate variables for the entire country during the study period
is shown in Fig. 9. More than 90% of the pixels show a positive cor-
relation between temperature and T/ET variations. The highest partial
correlation coefficient between T/ET and temperature is located mainly
in the subtropical-tropical monsoonal regions (Fig. 9a). In contrast,
precipitation and T/ET are negatively correlated for about 80% of the
pixels of China, especially in the temperate and subtropical-tropical
monsoonal regions. Additionally, the correlation between precipitation
and T/ET is positive for parts of the high-cold Tibetan Plateau and
temperate continental regions (Fig. 9b).
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Fig. 7. Spatial pattern of simulated T/ET trend in the scenarios of (a) ‘LAI Only’, (b) ‘CLIM Only’, (c) ‘RAD Only’, and (d) ‘ALL Combined’ in China from 1982 to 2015.
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Fig. 9. Spatial pattern of the partial correlation coefficient between T/ET and (a) mean annual temperature and (b) annual cumulative precipitation in China from

1982 to 2015.

4. Discussion

Understanding the influence of model parameters on model re-
sponse is essential to hydrological modeling (Brigode et al., 2013;
McCabe et al., 2016). To obtain reliable estimated results, the key
parameters of PT-JPL model are needed to optimize (Zhang et al.,
2017). Previous studies focused on the model’s sensitivity to forcing
data (Fisher et al., 2008; Garcia et al., 2013) or optimized the key
parameters only based on observational evapotranspiration data (Zhang
et al., 2017). Our study used a model-data fusion method to simulta-
neously parameterize the PT-JPL model against multivariate datasets
(observational evapotranspiration and transpiration) to improve the
accuracy of estimated T/ET, and found that four parameters (Top, k1, k2
and f) were sensitive to the transpiration and evapotranspiration si-
mulation across different ecosystems, which was almost consistent with
Zhang et al. (2017). T, was a basic parameter to the bio-constraint
variable fr and ranked first in the sensitivity index in forest and crop-
land ecosystems. In the original PT-JPL model, Top was dynamically
calculated (Fisher et al., 2008), while that T, was unreliable in some
specific biomes and climate conditions (Garcia et al., 2013). Our study
showed the optimized T, had better correlation to that calculated
following Potter et al. (1993) (Supplementary Figure S3). The other bio-
constraints (f; and fy,) could be directly reflected by the sensitivity
parameters k; and kp. Additionally, f was more sensitive than other
parameters in grassland and shrub ecosystems (Supplementary Figure
S1), mainly because of that the soil received more energy than the
canopy during the process of energy partition (Zhang et al., 2017),
which indicated  had the most significant impacts on soil evaporation
simulation and ET partition. The result is consistent with the previous
finding that fsy played a key role in model uncertainty in drylands
(Garcia et al., 2013). Although f was usually set as a unique constant
parameter (Fisher et al., 2008; Mu et al., 2007), other studies argued
that 8 should be fine-tuned in different regions (Garcia et al., 2013;

Zhang et al., 2017). Consistent with the previous study (Zhang et al.,
2017), B was reduced in grassland ecosystem (Supplementary Figure S2
and Table S3), suggesting that the control of the soil moisture stress
should be strengthened in dry ecosystem.

Based on the PT-JPL model using optimized parameters, the un-
certainties in estimated transpiration and evapotranspiration were re-
duced. The model with optimized parameters showed better perfor-
mance, and that was comparable to the performance achieved using
models driven by climatic and remote sensing data. For evapo-
transpiration, the optimized model explained 71%, 68% and 64% of the
variation for all sites, forest sites and non-forest sites, respectively,
while the MODIS ET algorithm explained only 49%, 58%, and 32%,
respectively (Niu et al., 2019). Moreover, the optimized PT-JPL model
yielded an R? values close to those of the other models (e.g., RS-PM,
BESS, SWH), for which the R? values are between 0.61 and 0.77 (e.g.,
Yuan et al., 2010; Li et al., 2014; Jiang and Ryu, 2016; Hu, 2017).
Additionally, Chen et al. (2014) reported R? values of 0.5 to 0.8 for
eight ET models at 23 eddy covariance sites. For transpiration, due to
the limited amount of available transpiration measurement data, few
studies have validated model performance at a large spatial scale. The
accuracy of the optimized PT-JPL model is close to that of site-scale
model. For example, the R* values of regressions between estimated
transpiration and observational transpiration were 0.57-0.71 for forest
and 0.13-0.83 for non-forest ecosystems, based on the empirical solar-
induced chlorophyll fluorescence-based canopy conductance models
(Shan et al., 2019); additionally, the R? values were 0.69-0.88 for cool
temperate forest (Miyazawa et al., 2017). To further validate the model
performance, we compared the estimated T/ET to the available field
observation T/ET data in China, which we extracted from Lian et al.
(2018) and Schlesinger and Jasechko (2014) (Supplementary Table S4);
the R value was 0.85 and the RMSE was 0.06 (Supplementary Figure
S7). Therefore, despite the uncertainties, the accuracy of the PT-JPL
model using the optimized parameters reaches that of the other models.
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We further compared T/ET simulation results with T/ET results of
previous studies and found that our estimated annual T/ET is almost
within the range of those calculated by the process- and remote sensing-
based models (Supplementary Text S2).

Our study provides a method to calculate T/ET at the ecosystem
scale with results reflecting the characteristics of China’s terrestrial
ecosystems. The ratio of transpiration to evapotranspiration is influ-
enced by vegetation morphology (Zhou et al., 2016), climate factors
(Granier et al., 1996), air turbulence (Tuzet et al., 1997), and soil
moisture availability (Shuttleworth and Wallace, 1985). Our study as-
sociates the T/ET trend with LAI dynamics, climate change, and energy
variability.

Vegetation is the first-order factor affecting ET partitioning (Scanlon
and Kustas, 2012). LAI is the primary factor controlling variations in T/
ET (Lian et al., 2018; Zhu et al., 2016b; Berkelhammer et al., 2016;
Fatichi and Pappas, 2017). The LAI dynamic not only determines the
seasonal changes of T/ET (Li et al., 2019; Scott and Biederman, 2017;
Zhu et al., 2015), but also determines most of the variability in annual
T/ET across sites (Wang et al., 2014). An increase in LAI promotes
canopy transpiration and interception evaporation by increasing the
surface area, thereby leading to the rise in evapotranspiration (Li et al.,
2018a; Piao et al., 2007). However, increased LAI usually reduces soil
evaporation (Gu et al., 2018; Hu et al., 2009) mainly because its lowers
the amount of energy (net radiation) reaching the soil surface (Hungate
et al.,, 2002). The latter process may, in turn, offset the increase in
evapotranspiration associated with high LAI (Huang et al., 2015).
Therefore, transpiration and evapotranspiration may have different
sensitivities to changes in LAI The slopes of the correlations between
transpiration and evapotranspiration and the LAI variables (as surro-
gates for the sensitivity of transpiration and evapotranspiration to
changes in LAI) are illustrated in Supplementary Figure S8a, which
might explain the relationship between the T/ET trend and greening.
The sensitivity of transpiration to changes in LAI is much higher than
that of evapotranspiration. Across the entire study area, transpiration
and evapotranspiration increased by 18.04% and 3.07%, respectively,
in response to the 0.1 m®*m ™2 increase in LAIL Since transpiration is
more sensitive to changes in LAI than evapotranspiration, greening
(Fig. 2a and Supplementary Figure S9a) caused T/ET to increase over
nearly the whole study area (Fig. 7a). A decrease in LAl in northeastern
China (Supplementary Figure S9a) accounts in large part for the de-
creasing trend in T/ET in this region. Among the regions that were
compared, transpiration is least sensitive to changes in LAI in the
subtropical-tropical monsoonal region where evergreen forests are ex-
tensively distributed. A 0.1 m®m ™2 increase in LAI corresponds to only
a 7.74% increase in transpiration in this area (Supplementary Figure
S8a), mainly attributed to the offsets of the increase in interception
evaporation caused by high LAI (Fatichi and Pappas, 2017).

Recent studies have shown that air temperature may affect T/ET by
altering stomatal conductance at the site scale (Zhu et al., 2015), and
that rising air temperature may raise the T/ET ratio (Zhu et al., 2014a).
Higher temperatures can steepen the water potential gradient by low-
ering the relative humidity outside the leaf; the transpiration rate is
therefore modulated by changes in water vapor pressure (Hopkins and
Huner, 1999). Meanwhile, evapotranspiration also exhibits a rising
tendency, mainly due to temperature-driven increases in the vapor
pressure deficit (Bell et al., 2010; Li et al., 2018a). The effect of vapor
pressure deficit on evapotranspiration is predicted to become increas-
ingly important as global temperatures continue to rise (Novick et al.,
2016). We compared the sensitivities of transpiration and evapo-
transpiration to temperature variation (Supplementary Figure S8b).
Both transpiration and evapotranspiration, as estimated in experiment
6 (Table 1), increase with the rise in temperature. Nevertheless, the
correlation between transpiration and temperature is stronger than that
between evapotranspiration and temperature, especially in the sub-
tropical-tropical monsoonal region. The influences of climate change
and LAI dynamic on T/ET trends are mutually reinforcing. On one
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hand, climatic warming can promote vegetation growth by extending
the growing season and simulating summertime photosynthesis
(Niemand et al.,, 2005; Piao et al., 2008). Enhanced plant growth
usually increases the leaf area, which would in turn cause T/ET to in-
crease. On the other hand, increasing LAI would lead to an increase in
transpiration area which could support greater canopy conductance
(Stoy et al., 2019).

T/ET generally decreases with increasing precipitation (Moran
et al., 2009; Reynolds et al., 2000), which is consistent with our results
(Fig. 8). We ascribe this relationship to the fact that transpiration and
evapotranspiration respond differently to increasing precipitation
(Supplementary Figure S8c) (Gu et al., 2018). Meanwhile, the corre-
lation between precipitation and T/ET is positive in parts of the high-
cold Tibetan Plateau and temperate continental regions; these areas are
relatively dry, hence, an increase in precipitation would cause T/ET to
increase by promoting vegetation growth.

Net radiation determines the variation in evapotranspiration (Costa
et al., 2010; Fisher et al., 2008; Zeng et al., 2014), and LAI controls how
evapotranspiration is partitioned (Good et al., 2015; Wang et al., 2014;
Wei et al., 2017). Therefore, changes in net radiation may not alter
evapotranspiration partitioning if LAI remains unchanged. Meanwhile,
previous studies found that the ratio of T/ET to the fraction of photo-
synthetically active radiation intercepted by the canopy is constant
(about 1.2), suggesting that there is a relatively constant relationship
between transpiration and intercepted radiation (Espadafor et al.,
2015).

Our study follows a modeling approach to differentiate the effects of
LAI, climate, and energy variability on T/ET. However, real-world
ecosystems are affected by several other factors, especially increasing
atmospheric CO, (Huang et al., 2015). The rise in atmospheric CO5
could affect T/ET by causing stomatal closure and altering leaf area
(Lian et al., 2018). Increased atmospheric CO, concentrations tend to
reduce stomatal conductance based on leaf-level measurements (Sellers
et al., 1996; Douville et al., 2000), and have been argued to decrease
canopy conductance at continental scale (Gedney et al., 2006). How-
ever, CO, fertilization (the process whereby elevated CO, causes LAI to
increase) could lead to an increase in the transpiration area; this could
support greater canopy conductance, thereby compensating for the
reduced canopy conductance resulting from increased atmospheric CO,
(Stoy et al., 2019). The impact of elevated CO, has shown geographical
variation. For temperate forests, transpiration was unaffected by ele-
vated CO, because the greater canopy leaf area nullified the effect of
leaf hydraulic acclimation on canopy conductance (Tor-ngern et al.,
2015). However, in water limited ecosystems, which generally have
relative low T/ET values, an increase in leaf area (which increases
transpiration) compensates for stomatal closure (which reduces tran-
spiration), thus creating a net transpiration increase (Lian et al., 2018;
Woodward, 1990) and further leading to an increase in T/ET. In moist
ecosystems with higher T/ET values, there is stronger suppression of
transpiration as CO, increases (Lian et al., 2018). Although elevated
CO, may reduce canopy conductance per unit area via light or hy-
draulic limitation, the potentially increasing leaf area leads to con-
served transpiration (Schifer et al., 2002; Ward et al., 2013), when the
atmospheric demand for and soil supply of water remain unchanged,
canopy transpiration and T/ET should decrease if the direct stomatal
closure in response to elevated CO, cannot be countered by increased
leaf area caused by CO, fertilization. In addition to being affected by
rising atmosphere CO,, LAI dynamic was also affected by the other
factors, such as nitrogen deposition and afforestation (Piao et al., 2015;
Zhu et al., 2015). The increasing T/ET caused by an increase in LAI was
the combined result of various factors.

Although we have made progress in improving the accuracy of T/ET
estimates by optimizing the sensitivity parameters, many uncertainties
still affect the model outputs. The principal sources of model error
might arise from the model structure and the inherent assumptions after
the model parameters have been optimized by the DEMC method (Zhu
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et al., 2014b). Uncertainty from the measured forcing data (Gu et al.,
2018) and the observational data from the sap flow method and eddy
covariance technique (Wilson et al., 2002, 2001) still may affect the
accuracy of the estimated T/ET. Meanwhile, a spatial mismatch be-
tween the observational data and the satellite data also may reduce the
accuracy of T/ET estimates (Fisher et al., 2008). In addition, this study
was based only on the optimized PT-JPL model; in future, we will use
multiple models to quantify the uncertainty in the PT-JPL model esti-
mates.

5. Conclusions

This study used the PT-JPL model to calculate T/ET for the terres-
trial ecosystems of China between 1982 and 2015. The T/ET trend and
its drivers were further analyzed. A model-data fusion method was used
to simultaneously parameterize the PT-JPL model against multivariate
datasets (observed transpiration and evapotranspiration). We found
that the PT-JPL model performs well for the terrestrial ecosystems of
China. Validation data showed that the PT-JPL model explains 63% and
71% of the variation in observed transpiration and evapotranspiration,
with RMSE values of 68.12 mm yr ™' and 153.57 mm yr ~*, respectively.
The multi-year averaged T/ET for China is 0.56 * 0.05. T/ET in-
creased significantly during the study period, with an annual rise of
0.0019 yr ! (P < 0.01). Greening and climate change explain 57.89%
and 36.84% of the T/ET trend, respectively, whereas the contribution
of energy change to the T/ET trend is negligible. Further, LAI dynamic
has an indirect effect on T/ET by enabling plants to be more responsive
to climate change, and climate change also has an indirect effect on T/
ET by promoting the effect of LAL In addition, partial correlation
analyses between climate-only driven T/ET and the climate drivers
show that temperature has the strongest influence on the interannual
variations in T/ET (R = 0.84).
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