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ARTICLE INFO ABSTRACT

Keywords: Evapotranspiration (ET) is one of the most difficult hydrologic variables to estimate. In the context of climate
Climate change change, the rise of CO3 emissions may improve photosynthesis but depress transpiration thus increasing plant
Evapotranspiration

water use efficiency (WUE). Therefore, it is of great importance and necessity to take elevated atmospheric COy
concentration (Ca) as a limiting factor for improved assessment of ET and WUE toward a better ecosystem
management. In this study, we developed and incorporated a Ca stress function into a modified process-based
transpiration model and extended its application from transpiration to total evapotranspiration simulation.
The original simplified process-based model (denoted as BTA by combining developers’ last name initials),
previously modified version with added soil moisture (BTA-0) and the extended version in this study with COy
concentration (BTA-Ca) were tested for daily ET simulation at the Dinghushan forest ecosystem in south China.
The results show that eddy covariance based forest ET was well simulated by the models, while the two modified
models outperformed the original one. Despite the limited improvement of accuracy, the BTA-Ca model is more
superior and meaningful regarding the physical mechanisms. Moreover, we evaluated the biophysical responses
of ET and GPP to the major environmental factors, which shows that ET and GPP responded similarly to envi-
ronmental changes with close linkages between the two. This study proposed a Ca stress function and provides an
effective way of coupling water and carbon exchange processes for ET simulations, which can be applied for
forest water budget assessment under climate change.

Carbon dioxide concentration
Water use efficiency
Water-carbon coupling
Subtropical forest

2018). Although the basic physics of ET is well understood, we still have
some difficulties in estimating ET accurately (Wang et al., 2017; Wang
and Bras, 2011).

1. Introduction

Evapotranspiration (ET) is an integrated term representing soil

evaporation and vegetation transpiration. Globally, annual ET returns
over 60% of precipitation to the atmosphere (Oki and Kanae, 2006)
which makes it the second largest component of the terrestrial water
cycle (Pascolini-Campbell et al., 2021), and it is expected to intensify
under future climate with rising temperature induced by increasing at-
mospheric CO5 concentration (Greve et al., 2014; Held and Soden, 2006;
Huntington, 2006). As an important hydrologic variable, ET is closely
coupled with the carbon cycle and energy balance (Anderson et al.,
2008; Fisher et al., 2017; Kothavala et al., 2005; Wang, 2007; Xiang
et al., 2020) through leaf stomates behavior (Sitch et al., 2008; Xu et al.,

At present, many methods have been developed to quantify ET. Field
techniques like precision weighing lysimeter, Bowen ratio and eddy
covariance techniques can quantify ET from a homogeneous surface area
with continuous labor and capital inputs (Allen et al., 2011; Baldocchi
et al., 2001; Scott et al., 2000). Remote sensing algorithms provide an
alternative way of ET estimation to overcome the spatiotemporal scale
issues existing in field techniques, however, its application is usually
limited by spatial and temporal resolution of satellite imagery and
cloudy sky conditions (Shwetha and Nagesh, Kumar, 2015). Models can
help understand well the water flow and storage in a catchment area, but
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there are still challenges in modeling and validating the results (Ala-aho
et al., 2017). Among ET models some rely on air temperature (Har-
greaves and Samani, 1982), or net radiation in addition to air temper-
ature (Priestley and Taylor, 1972), and the relative simplicity makes
them attractive but may lead to serious deviations in hydrological
forecasts under future climatic changes (Cristea et al., 2013; Milly and
Dunne, 2017; Seiller and Anctil, 2016; Xiang et al., 2020). With added
complexity, the Penman-Monteith equation (Monteith, 1965) requires
more meteorological inputs and surface resistance parameterization to
estimate ET. Following a similar philosophy, there have been numerous
studies estimating total ET or its components by linking them explicitly
with a set of environmental variables, for example, the Jarvis-Stewart
scheme and the Penman-Monteith-Leuning model (Garcia et al., 2013;
Jarvis, 1976; Stewart, 1988; Wang et al., 2014; Zhang et al., 2019).

Process-based models have also been developed to estimate tran-
spiration (Federer, 1979; Gao et al., 2002). These models include pa-
rameters that explicitly represent measurable biophysical properties like
leaf-specific hydraulic conductance and soil water potential, etc. Among
them, Buckley, Mott and Farquhar (2003) proposed a model to calculate
canopy conductance based on hydromechanical and biochemical pro-
cess laws with also explicit consideration of the mechanical advantage of
the epidermis. In their model, three different biophysical effects - the
guard cell metabolic advantage (fr), the epidermal mechanical advan-
tage (M), and the guard cell resistive advantage (p), were incorporated
into a single parameter to be estimated empirically, i.e., a = f-M + p.
The biochemical substructure of the model which controls the response
to atmospheric CO5 concentration (hereafter Ca), irradiance, and oxy-
gen was embedded in © (ATP concentration) or a (the guard cell
advantage). Therefore, the model indirectly reflects the response to
those environmental factors via their effects on photosynthesis. This
model is good for understanding the biophysical and biochemical pro-
cesses within the plant, but difficult to apply for an extended spatial
scale for conductance or water use simulations due to limited avail-
ability of the required model inputs. To overcome this issue, Buckley,
Turnbull, and Adams (2012) simplified the model for whole tree sap
flow and transpiration modeling with significantly reduced inputs,
which was later cited as the “BTA” model by Wang et al., (2016) using
their last name initials. The BTA model is easy to apply because it only
requires solar radiation and vapor pressure deficit measurements with
only 3 parameters for daily and 4 parameters for sub-daily simulations,
and it can capture wide biological variations and effects of climate
change. However, the model has some limitations as Wang et al., (2016)
pointed out that the model performance may be restricted because it
only considers the controls of atmospheric variables on plant water use
but not the soil water content. Later on, a modified version of this model
was tested with an added soil water potential (y) function (Liu et al.,
2019a), and then a soil water content (0) function for the convenience of
measurement and application (Liu et al., 2019b).

In addition to the hydrometeorological variables such as tempera-
ture, wind speed, precipitation and solar radiation, ET is also modulated
by changes in environmental factors like the atmospheric CO5 concen-
tration (Ca), nitrogen and aerosol deposition (Piao et al., 2015; Shi et al.,
2013). The atmospheric COz concentration can exert strong impacts on
ET mainly in two ways. On the one hand, elevated Ca may reduce
transpiration by decreasing leaf stomatal conductance after intercellular
Ca saturation for photosynthesis (Bernacchi et al., 2007; Xie et al.,
2020); on the other hand, Ca can stimulate plant growth via the effect of
fertilization, resulting in an increase of the leaf area and vegetation
coverage to increase ET (Piao et al., 2015; Shi et al., 2013). Whether the
overall effect of Ca increase on ET is positive or negative will depend on
which of the above-mentioned process dominates (Hussain et al., 2013;
Kruijt et al., 2008; Liao et al., 2021; Liu et al., 2021; Lovelli et al., 2010).
A recent study has shown that canopy transpiration declines at about
5.1% per 100 ppmv (parts per million, by volume) increase in Ca level
(Gopalakrishnan et al., 2011). Because of the tight relationships be-
tween the Ca and ET, it is necessary and important to incorporate Ca into
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ET models toward accurate estimation of ET under future climate
change and improved understanding of the coupling between water and
carbon cycles (Fisher et al., 2017).

In this study, we hypothesize that the BTA model will be improved
regarding ET estimation with Ca effect considered. We formulated a Ca
stress function and incorporated it into the previously modified BTA-0
model, and the final version was named BTA-Ca. We then used the
models in a subtropical old-growth forest ecosystem, aiming to extend
the capability of the model for total evapotranspiration simulation.
Therefore, the specific objectives were: (1) to analyze the responses of
evapotranspiration, gross primary production to primary environmental
factors at a humid subtropical dense forest site; and (2) to evaluate the
modified models regarding the effect of soil moisture and carbon dioxide
concentration on the total evapotranspiration estimation. The results of
this study will help improve our understanding of water-carbon
coupling processes and have implications for ecohydrological re-
sponses to future climate change.

2. Materials and methods
2.1. Site descriptions

This study used the data collected at the Dinghushan forest research
station (DHS) located ~ 90 km west to Guangzhou City (112°30'39"-
112°33'41"E, 23°09'21”7-23°11’30”N), which was the first National
Natural Reserve in China in 1956 (Fig. 1). With a south subtropical
monsoon climate, the study site has an average annual temperature of
20.9 °C and an average annual precipitation of 1678 mm of which more
than 80% is concentrated in the wet season (April-September). DHS has
a total area of 1156 ha and the main terrains are hills and low mountains
with the altitude ranging from 100 to 700 m mostly, and the highest
peak, Keelung Mountain, has an altitude of 1000.3 m (Liu et al., 2015).

The soil type is mainly characterized as lateritic red soil developed
from sandstone and sand shale, distributed below 400-500 m altitude.
The forest in the reserve is mature with trees over 100 years old and a
few young forests have also been established in recent decades. In the
past 60 years, the reserve has been relatively intact and has not been
disturbed. The dominant vegetation at the study site is southern sub-
tropical evergreen broad-leaved forest with an average tree height of
19.5 m and transitional vegetation types are Monsoon evergreen broad-
leaved forest (MBF), Pinus massonniana forest (PF) and Mixed Pinus
massonniana/broad-leaved forest (PBF), which provide a natural ideal
research base for the study of the succession process and pattern of the
forest ecosystem (Liu et al., 2013; Zhou et al., 2005).

2.2. Meteorological data and evapotranspiration

Eddy covariance (EC) measurements of turbulent fluxes of sensible
and latent heat (H, LE), surface energy components (R, and G) and
carbon dioxide concentration (CO5) were collected from 2007 to 2010 in
the forest stand with a fetch of greater than 5 km in every direction. The
sensors, including a CO2/H20 analyzer (Model LI-7500, Li-Cor Inc.,
USA) and a three-dimensional ultrasonic anemometer (CSAT3, Camp-
bell Scientific Inc., USA), were mounted at the height of 27 m above
ground on a supporting tower of 38 m tall in total, which was installed at
an elevation of 80 m.a.s.l. The surrounding vegetation species include
Castanopsis chinensis, Canarium tramdenum, Schima superba, Cryptocarya
chinensis, Cryptocarya concinna, Machilus chinensis. The height of the
forest canopy around the tower is approximately 22 m high, and the
mean leaf area index (LAI) is 4.9 during the dry season and 5.6 during
the wet season (Liu et al., 2017). The measurements were taken at 10 Hz,
averaged over 30-min intervals, and directly recorded using the syn-
chronous device for measurement (SDM) technique with a data logger
(CR5000, Campbell Scientific Inc.) (Liu et al., 2014; Yan et al., 2013). In
order to ensure the validity and quality of the flux data, the original data
were corrected by quadratic coordinate transformation and ultrasonic
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Fig. 1. Location of the Dinghushan Forest Ecosystem Research Station in south China. MBF: Monsoon evergreen broad-leaved forest; PBF: Mixed Pinus massonniana/

broad-leaved forest; PF: Pinus massonniana forest.

temperature correction, and the influence of topography and instrument
tilt was also corrected. The air density fluctuation correction and
interpolation was modified for Webb-Pearman and Leuning (WPL)
density corrections (Webb et al., 1980). Evapotranspiration was calcu-
lated based on the latent heat flux (LE) measurement using Eq. (1).

_LE

ET
A

(€}

where 1 is latent heat of vaporization (MJ/kg) and LE is latent heat
flux (MJ/m?/day). We are aware that due to many potential reasons
(Mallick et al., 2016; Twine et al., 2000; Xu et al., 2019), the latent heat
flux obtained from eddy covariance measurements is often affected by
an imbalance problem in the energy budget, i.e. LE + H < R, — G
(Maruyama et al., 2019). Here, LE data was obtained after processing by
Li et al., (2020Db).

Along with the above flux measurements, standard meteorological
data were collected at 0.5 Hz, including temperature, humidity, solar
radiation, wind speed, soil moisture and precipitation, by a microme-
teorological observation system (Milos 520, Vaisala) at a height of 27 m
on the same tower with the EC flux measurements. All of the routine
meteorological data were recorded at 30-min intervals (Yan et al., 2013;
Zhou et al., 2005). Vapor pressure deficit (D, kPa) was calculated based
on the measured air temperature, humidity and actual water vapor
pressure above the forest canopy. Gross primary productivity (GPP, g C/
m?) was calculated as the sum of measured net ecosystem carbon ex-
change and ecosystem respiration.

2.3. Descriptions of model development

2.3.1. The simplified process-based model

The process-based model used in this study was initially proposed to
estimate canopy conductance (Buckley et al., 2003), which was then
simplified for stand transpiration and canopy conductance (Buckley
etal., 2012). The simplified model was later denoted as the “BTA” model

given in Eq. (2) for sub-daily transpiration simulations:

(R, + Ro)D
E, = Enax
k+ bR, + (R, 4+ Ro)D

(2)

where E; is the transpiration rate (mm/d), Ep.x is the maximum
transpiration rate which in many previous studies was considered as a
fitted parameter (mm/d) or the maximum value of the measured tran-
spiration (Liu et al., 2019b, 2019a; Xu et al., 2017). Parameters k (kPa
W/m?) and b (kPa) are fitted with site specific observation data. Ry (W/
m?) is measured solar radiation and D (kPa) is the leaf to air vapor
pressure deficit in its original version, which was replaced with air vapor
pressure deficit in this study (using the same symbol D). R, (W/m?) is
included in Eq. (2) to enable the model to simulate nocturnal transpi-
ration/sap flow, and is set as zero when used to simulate daily total
transpiration (Buckley et al., 2012; Liu et al., 2019b, 2019a).

2.3.2. The modification of BTA model with soil water constraint

The BTA model was modified by Liu et al., (2019a) initially with a
linear stress function of soil water potential, ranging from O to 1, and
later with different forms of soil water content () functions (Liu et al.,
2019b) to account for soil water limitation besides the atmospheric
conditions for transpiration estimation. This version is denoted as the
BTA-0 here and given in Eq. (3).

R,D

E = Emax T i o o~
! k+ bR, + R,D

£(0) ©)

where f(0) represents the stress function of volumetric soil water
content. f(6) = 1 means that the soil is saturated with water and not
limiting transpiration, while f(6) = 0 means that the soil is extremely dry
and the transpiration process ceases.

Soil water content is a main limiting factor in evapotranspiration and
its components especially in drylands, because soil water content is the
water source for evapotranspiration. Limitation of soil water content on
evapotranspiration is complex and often nonlinear (Alkama and
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Cescatti, 2016). Different types of soil water content stress functions
may lead to different model performance (Wang et al., 2016; Xu et al.,
2018). Therefore, to better show the performance of the model and
accurately predict evapotranspiration in a subtropical forest, we
reviewed existing studies regarding transpiration modeling with envi-
ronmental variables and found three widely applied forms of f(6). The
first was originated in Jarvis (1976) and used in Liu et al., (2019b):

£1(6) = 1— 0000 .

where k; is a fitted parameter. When k; (-) increases, f1(0) decreases;
parameter 60 is the value of soil water content at which the relation
extrapolates to f1(8) = 0. The second one is given in Eq. (5), often found
in the literature for evapotranspiration estimates (Busscher, 1980) and
also discussed in Liu et al., (2019b):

. 6—-06,
50) = mm(l7 o~ 9w) 5)

where 6, and 6. represent permanent wilting point moisture content
(cmgcm_g) and field capacity (cmscm_g), respectively, which were
taken as parameters in this study. When the soil water content is be-
tween 6y, and 6., a linear relationship is presumed between evapo-
transpiration and soil water content. A third soil water stress function
(Eq. (6)) takes the sigmoidal instead of linear relationship which results
in relatively better performance in terms of fitting low-end of soil water
content (Guyot et al., 2017; Whitley et al., 2013).

1 +ek?

Tt e bk (©)

f(0)

where k; is a parameter describing a change of evapotranspiration
with a decrease of soil water content, and ks is the parameter of soil
water content wilting point at a specific site.

2.3.3. The further modifications of BTA-0 model with carbon dioxide
concentration

This study made two further modifications to the modified model in
Eq. (3). Firstly, the model was extended to simulate daily total evapo-
transpiration rather than just transpiration or sap flow by modifying Eq.
(3) to the form in Eq. (7). This is feasible because we measured the T, Rs,
etc. above the forest canopy, which eventually reflects the effect of en-
ergy and water exchange between the entire forest (including under-
story plants) and the air above. Note that the prescribed Ep,x in Eq. (3)
following previous method (i.e. maximum measured value) may limit
the ability of the model to adjust its performance to correctly reflect the
effect of soil water availability, and often leads to underestimation of the
target flux (Wang et al., 2020, 2016; Xu et al., 2017). On the other hand,
potential evapotranspiration can reflect seasonal meteorological varia-
tions and is generally greater than actual evapotranspiration. Therefore,
reference evapotranspiration (ET,) calculated by the FAO-56 Penman-
Monteith Eq. (8) was used to replace a fitted or prescribed Ep,x in our
study.

R,D

ET =FET) ——FFF—
'k + bR, + RD

1(0) 7
900
0408A(R, = G) + 15— D) ®

ET, =
0 A+ y(1+0.34u,)

where R,, is net radiation (MJ/mZ/day), G is soil heat flux (MJ/m?/
day), A is the slope of the vapor pressure curve (kPa/°C), T, is air tem-
perature (°C), D is air vapor pressure deficit (kPa), y is psychrometric
constant (kPa/°C) and uy is wind speed at 2 m height (m/s).

A further modification we made to the model in Eq. (7) was to
integrate a stress function of the atmospheric CO, concentration (Ca).
The final derived model is denoted as BTA-Ca hereafter, given in Eq. (9).
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R.D

ET =ET, —————
k + bR, + R.D

FOF(C) ©)

where f(Ca) is a response function of Ca ranging from 0 to 1. A value
of 1 indicates the best carbon sequestration condition while a value of
0 expresses extreme carbon starvation. The advantage of the BTA-Ca
model lies in the integration of f(Ca) which allows the model to
explore the effects of global climate change on the terrestrial hydrologic
cycle. This has not been seen in other empirical or mechanistic ET
models related to environmental variables.

Going through the literature, we found that a Ca stress function for
ET simulation is rarely developed and discussed, here we constructed a
sigmoidal function based on the scatter plot of ET-Ca data, given in Eq.
(10).

—ky(Ca—ks)?

f(ca) — ¢ Caths (10)

where k4 and ks are considered as fitting parameters that determine
the shape of the response curve. Such a S-shape curve is able to cover a
wide range of ET and Ca values especially at the low end.

Because these environmental stress functions often perform differ-
ently at different sites, we chose all three soil water stress functions
mentioned above to determine the most appropriate one applicable at
our site. The modified BTA models with equations (4-6) are denoted as
BTA-01, BTA-02 and BTA-03, respectively, and accordingly the three
further modified BTA-6 models with f(Ca) are named BTA-Cal, BTA-Ca2
and BTA-Ca3.

2.4. Bias correlation analysis

The evapotranspiration process is affected by ecological and envi-
ronmental factors, the change of one element may cause changes in
other elements, and the bias correlation analysis can be used to study the
interrelationship between two specific variables. Bias correlation anal-
ysis refers to the process of excluding the influence of the third variable
when two variables are related to the third variable at the same time,
and only analyzes the correlation between the other two variables (Ye
et al., 2018).

Based on the meteorological data during 2007-2010, we analyzed
the bias correlation between evapotranspiration and vapor pressure
deficit, solar radiation, carbon dioxide concentration and soil water
content, by firstly calculating the coefficient of simple correlation and
then obtaining the coefficient of bias correlation. The correlation coef-
ficient between evapotranspiration and the above meteorological vari-
ables is calculated as:

Z?:] [(x,- —f)()’i —y)] 11

R/“ = n n
; (x; — %) Zl i —y)°

where Ryy is the correlation coefficient of the two variables x and y; x;
and y; are the values of the x and y variables, respectively; x and y are
the means of the two impact factors, respectively, and i is the number of
samples.

The bias correlation coefficient is calculated as:

Ry — RR,.
Ry = —2— (12)

J1-RL1-R

where Ryy ; is the coefficient of bias correlation between x and y after
z is fixed, and Ryy, Ry, and Ry, represent the correlation coefficients of x
and y, y and z, and x and z, respectively. All statistical analysis was
conducted in the software SPSS 26.

2.5. Model calibration and validation

In the process of data collation and analysis, the missing data caused
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by instrument failure were removed, and only data for different vari-
ables that cover the same period (i.e., concurrently available) were left
for further analysis. The filtered data were then randomly divided into
two groups for calibration and validation of the models, respectively.
The results were displayed by a tag of “Calibration” or “Validation”
accordingly.

We applied the DiffeRential Evolution Adaptive Model (DREAM) to
optimize the values of all the parameters in each model. The DREAM
algorithm is a global optimization solution based on an advanced Mar-
kov chain Monte Carlo sampling method using multiple chains to update
results at the same time. It has high computational efficiency and has
been widely used for parameter optimization of models (Liu et al.,
2019b; Vrugt, 2016; Wang et al., 2016).

To evaluate the model performance regarding ET simulation, we
used five metrics including the linear regression slope (s), the linear
regression coefficient of determination (Rz), average absolute percent-
age error (MAPE), root mean square error (RMSE), and Bayesian infor-
mation criterion between the measured and simulated ET. Furthermore,
the Bayesian information criterion (BIC) (Schwarz, 1978) penalizes in-
clusion of extra parameters in a model (Hawkins, 2004; Liu et al., 2019a)
to test the overfitting problem. BIC is calculated as:
BIC = nlog (%) + mlog(n) 13)

where n is the number of data points, SSE is the sum of squared er-
rors, and m is the number of predictors. A model is preferred if its BIC is
smaller than others (Guan et al., 2013).
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3. Result
3.1. Dynamics of hydrometeorological variables

Fig. 2 shows the daily dynamics of environmental variables at the
study site from 2007 to 2010, which demonstrates a high synchrony
between water and energy availability as well as carbon assimilation
(Fig. 2a-d). On average, the daily solar radiation was 138.6 + 78.2 W/
m? and the relative humidity was 76.1 + 16.3%. There were 124 days in
total during the 4 years when relative humidity exceeds 95%. The
highest relative humidity existed in April and the lowest in November.
The daily average temperature was 20.3 + 6.2 °C, and the average
temperatures in the coldest month (January) and the hottest month
(July) were 11.2 £+ 6.3 °C and 26.7 + 6.2 °C, respectively. The average
CO,, concentration was 443.6 + 135.2 cm®/m3. The average water vapor
pressure deficit was 0.6 + 0.4 kPa, and its dynamic change was highly
consistent with the air temperature, reflecting the high dependence
between the two variables.

The soils at the forest site had relatively high water saturation status
with the mean depth-average volumetric soil water content of 0.24 +
0.04 m®/m®. The change of soil water content synchronized well with
precipitation, which showed high values in summer and low values in
winter. The annual average precipitation was 1457 + 387 mm with
more than 83% occurred in April to September. ET and ET, showed
strong seasonal characteristics like the other variables. The annual
average ET was 655.9 + 44.3 mm, accounting for approximately 45% of
the average annual precipitation. The actual ET was consistently lower
than ET,, although the difference was smaller in winter and spring than
that in summer and autumn; and the annual average GPP was 1430 +
87 g C/m?.

It should be noted that the above calculated annual values should be
lower than the true annual values because of the missing data during the
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four years due to the failure of experimental equipment and variable
data availability periods. Therefore, to reduce the errors caused by the
calculation of annual accumulation of precipitation, evapotranspiration,
potential evapotranspiration and gross primary productivity, we gave
the daily average values of these variables in each year during the entire
study period for comparison (Table 1).

From 2007 to 2010, the annual average daily P in Dinghushan was
3.92 4 10.40 mm, but it reached 5.39 + 13.61 mm in 2008 which was
considered a wet year. From Fig. 2d, we can see that 2008 had the most
precipitation over the four years with 159 rainy days, and the maximum
precipitation reached 111.8 mm/d. On average, the daily ET was 1.83
0.98 mm accounting for about 47% of the daily P which is close to the
annual cumulative value (45%), and the daily ET, was 2.44 + 1.59 mm
accounting for approximately 62% of P, which meant that Dinghushan is
in the humid zone. In this study, WUE is defined as the ratio of GPP to
ET, so WUE depends on both GPP and ET. From Table 1, we can see that
the annual average daily water use efficiency during the study period
was 2.52 + 1.14 g C/kg H50, and the inter-annual variation of Ding-
hushan WUE was relatively small.

3.2. Environmental impacts on evapotranspiration and gross primary
production

In order to understand how evaporative flux and carbon assimilation
respond to environmental changes towards improved parameterization
and simulations, ET and GPP were plotted in Fig. 3 against four envi-
ronmental factors including vapor pressure deficit, solar radiation, CO2
concentration and soil water content, from which the suitability of the
response functions listed in section 2.3 can also be evaluated. Fig. 3
shows that the response of daily ET to D and R can be expressed by
linear relationships (p < 0.001) with regression coefficients of deter-
mination (R%) of 0.46 and 0.55, respectively, which means that a sig-
nificant linear correlation existed between evapotranspiration and
vapor pressure deficit and solar radiation. This is common to observe for
such relationships at daily scale. Fig. 3c shows that the main range of Ca
was between 300 ~ 600 cm®/m® at the study site, and ET was high at the
low range of Ca and decreased with increasing Ca values. With a fixed
Emax for a whole study period as in previous studies, the outer envelops
of the data points can be drawn by multiplying the Epax by each stress
function while setting others as 1 (such as Fig. 1 in Wang et al., 2020) to
test the suitability of the stress function. However, this is not realistic
with a varying ET, on each day in this study. Nonetheless, in the context
of ~ 98.6% of observations falling in the range of Ca greater than 350
em3/m3, the increase of carbon dioxide concentration corresponded to
the decrease of the forest ET. Such a relationship was also reported by
Gedney et al., (2006), who attributed this effect to CO5 physiological
forcing, that is, when the environmental CO5 concentration was high,
the vegetation stomatal conductance decreased with reduced stomates
openness to save water (Cao et al., 2010; Gopalakrishnan et al., 2011).

Table 1

A comparison of average daily precipitation (P), evapotranspiration (ET), po-
tential evapotranspiration (ET,), gross primary productivity (GPP) and water
use efficiency (WUE) from 2007 to 2010 at Dinghushan.

Year P ET ET, GPP WUE
(mm) (mm) (mm) (g C/m? (g C/kg
H20)
2007 273+£7.36 1.90 + 2.65 + 4.31 + 2.72 +1.23
1.04 1.62 1.58
2008  5.39 & 1.68 + 2.46 £ 3.82 £ 2.50 & 0.90
13.61 0.82 1.48 1.56
2009 372+ 1.98 + 2.73 + 3.76 + 2.33 +1.22
10.31 1.09 1.75 1.41
2010 3.83+9.11 1754+ 1.94 + 3.89 + 2.55 + 1.15
0.93 1.34 1.47
Mean 3.92 + 1.83 + 2.44 + 3.94 + 252 +
10.40 0.98 1.59 1.52 1.14
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Moreover, the response of ET to 6 was clearly nonlinear, consider-
ably different from that to D and Rs, which means that the relationship
between them cannot be judged simply from the linear correlation. The
envelop of ET-0 data clouds can be described by a piecewise linear
function as in Eq. (5) where ET maximized and kept constant in between
two moisture thresholds near approximately 0.18 and 0.28 m%/m® ac-
cording to the parameter optimization. Based on the daily ET data of
Dinghushan forest from 2007 to 2010, it was found that there was a
significant linear correlation between GPP and ET under the condition of
0 0f 0.16 ~ 0.32 cm®/m® (R? = 0.52, p < 0.001); in other words, there
was a strong linear relationship between carbon assimilation and
evapotranspiration. Notably, the interannual variation of GPP in Ding-
hushan forest was small and relatively stable (Table 1). The responses of
GPP to environmental factors was consistent with that of ET, especially
solar radiation (R? = 0.55), followed by vapor pressure deficit (R? =
0.36). Responses of GPP to Ca and 6 were also nonlinear implying more
sophisticated response mechanisms.

In addition, based on the bias correlation analysis results in Table 2,
it was observed that in this environment D and R influenced ET stronger
than Ca and 6, with a bias correlation coefficient of 0.70 and 0.74 (p <
0.001), respectively. Consistent with Fig. 3c, the atmospheric CO5 con-
centration exerted overall negative but limited impact on ET with a bias
correlation coefficient of —0.35 (p < 0.001).

3.3. Simulations of evapotranspiration by different models

3.3.1. Daily evapotranspiration modeling

ET was simulated by the original BTA model as well as the modified
models (BTA-0 and BTA-Ca), and results were compared in Fig. 4 and
Table 3. In both the calibration and validation periods, we found that the
original model and the modified versions all simulated well the
measured ET for the study site, and the performance of modified models
were all better than the original one indicated by all statistical metrics.
For example, the linear regression R? between measured and simulated
ET by the original BTA model was 0.73 with a RMSE = 0.60 mm/d for
both calibration and validation datasets; while the regression R? ranged
0.79 ~ 0.82 with RMSE < 0.49 mm/d for the BTA-0 group, whereas R?
equals 0.82 with a RMSE < 0.43 mm/d for the BTA-Ca group. The MAPE
for all the modified models was also significantly lower than that for the
original BTA model.

In addition, combining all the statistical metrics in Table 3 we found
that the BTA-Ca3 and BTA-03 outperformed the rest models in their
groups. For the calibration, model BTA-03 resulted in a R? of 0.82, MAPE
of 19.16%, RMSE of 0.42 mm/d and BIC of —316.90, while for the
validation, the R%, MAPE and RMSE was 0.81, 20.66%, 0.43 mm/d and
—309.86, respectively. In comparison, the model BTA-Ca3 resulted in a
R? of 0.82 with MAPE of 18.76%, RMSE of 0.41 mm/d and BIC of
—321.55 for calibration, and R? of 0.82 with MAPE of 19.94%, RMSE of
0.42 mm/d and BIC of —318.53 for validation, respectively. Fig. 5 shows
the fitting results of daily ET by the original BTA model, the modified
BTA-063 and BTA-Ca3 model. It was observed that all models captured
well the temporal dynamics of daily ET, and BTA-63 and BTA-Ca3 had
better simulations than BTA; meanwhile, BTA-Ca3 proved to be more
accurate than BTA-03 with similar R? but lower RMSE and MAPE as well
as BIC. This indicates that adding a f(Ca) indeed can reflect the influence
of CO4 concentration on evapotranspiration and hence improve model
performance. Moreover, ET simulated by these models was in good
agreement with the observations in both wet and dry periods, and
overestimation was obvious by the original simplified BTA model in wet
periods.

3.3.2. Simulation capabilities of models under different Ca levels

In order to further examine whether the models with an added Ca
function can effectively improve the ET simulation ability and to testify
the necessity of incorporating a f(Ca) in the ET models, we compared the
simulations from the model sets under different Ca levels which were
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Fig. 3. Evapotranspiration (ET) and gross primary productivity (GPP) response to (a) vapor pressure deficit (D), (b) solar radiation (Ry), (c) the atmospheric CO,
concentration (Ca), and (d) mean soil water content (0) at depths of 15 cm, 30 cm, and 45 cm. Green square represents ET and black dot represents GPP in each plot.
R? were obtained based on linear regressions between ET or GPP and the related environmental factors. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 2
The coefficients (R) of bias correlation analysis. " indicates p < 0.001, and
indicates p < 0.05.

Variables D Rs Ca 0 ET

D 1.00 0.76"" —0.30"" 0.70""
R 0.76™" 1.00 . —-0.06™ 0.74™"
Ca —0.51"" —0.54"" 1.00 0.27"" -0.35""
0 —0.30"" -0.06"" 0.27" 1.00 0117
ET 0.70"" 0.74"" —0.35"" 0.11"" 1.00

grouped based on the data point density. In Fig. 6 and Table 4, it can be
seen that the BTA, BTA-0 and BTA-Ca model groups had a satisfactory
performance under various Ca ranges. The R? of the BTA, BTA-61, BTA-
62, BTA-03, BTA-Cal, BTA-Ca2 and BTA-Ca3 was 0.58 ~ 0.90, 0.69 ~
0.94, 0.67 ~ 0.94, 0.70 ~ 0.94, 0.70 ~ 0.93, 0.69 ~ 0.94, 0.70 ~ 0.93,
respectively. The BTA-0 and BTA-Ca model groups had a better perfor-
mance when Ca was 320 ~ 360 cm®/m® with the mean R? of 0.94,
followed by 500 ~ 700 cm®/m® with the mean R? of 0.92. Overall, it
shows that high levels of CO, concentration inhibited ET and lowered
the model accuracy just slightly.

3.3.3. Evapotranspiration interannual variation and simple water balance

The monthly mean ET was further calculated during the entire study
period represented by the daily means in each calendar month. Fig. 7a
demonstrates the clear seasonal variation of evapotranspiration, with

high values in summer and autumn and low values in spring and winter.
The highest ET appeared in late summer and early autumn (August and
September) with the observed values of 3.11 + 0.97 mm and 3.03 +
0.97 mm, respectively. Further analysis and comparison show that the
models (BTA, BTA-6 and BTA-Ca) slightly overestimated the winter ET
and underestimated the autumn ET.

Moreover, the availability of water resources was assessed based on
the difference between P and ET in Fig. 7b to evaluate the possible water
surplus or shortage in each month over the four-year period. We
observed that there were four months with clear water stress (January,
October, November, December) mainly because of relatively low pre-
cipitation amount, whilst the water surplus occurred during spring and
summer mostly during the rainy seasons. On average, the largest water
surplus appeared in June (7.45 mm/d) and the largest water shortage
appeared in October (-0.89 mm/d), and July saw the relative closure of
the water balance at the study site. This characteristic of water resources
availability can support well the plant growth during the growing sea-
sons. However, it should be mentioned that the water shortage inferred
here does not necessarily mean the trees are under water stress, because
soil water storage was not included in this simple water balance calcu-
lation, which can be accessed by trees when precipitation was low.
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Table 3

Statistical results for ET comparisons between measurements and simulations. s: Slope of the linear regression; R%: Linear regression coefficient of determination;
MAPE: Mean absolute percentage error (%); RMSE: root mean square error (mm/d). Numbers in bold indicate the best performance in each model category; BIC:

Bayesian information criterion.

Model Calibration Validation
R? MAPE RMSE BIC R? MAPE RMSE BIC
BTA 0.73 27.51 0.60 —246.14 0.73 28.91 0.60 —247.23
BTA-01 0.81 19.05 0.43 —314.44 0.81 20.40 0.44 ~307.42
BTA-02 0.79 20.38 0.48 —288.19 0.78 21.80 0.49 —278.39
BTA-03 0.82 19.16 0.42 —316.9 0.81 20.66 0.43 —309.86
BTA-Cal 0.82 19.27 0.42 —320.96 0.82 20.62 0.42 -317.21
BTA-Ca2 0.82 19.23 0.42 —316.51 0.81 20.90 0.43 —-310.7
BTA-Ca3 0.82 18.76 0.41 —321.55 0.82 19.94 0.42 —318.53
* Measured Simulated by BTA ——— Simulated by BTA-§3 —— Simulated by BTA-Ca3
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Fig. 5. Daily evapotranspiration simulated by BTA, BTA-03, and BTA-Ca3 with the for calibration and validation periods. The disconnected period indicates

missing data.

4. Discussion

4.1. Impacts of environmental changes on water-carbon coupling

Environmental changes, such as radiation, wind speed, precipitation,

relative humidity, sunshine duration, and temperature, play an impor-
tant role in the dynamic changes of evapotranspiration, but their im-
pacts often vary with location and climate. For example, net radiation
was regarded the most influential variable in the North American

temperate and boreal ecosystems (Isabelle et al., 2021), while
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Table 4

A comparison of the ET values simulated by the BTA, BTA-6 and BTA-Ca model
groups under different Ca levels (cm®/m®). The comparison results are repre-
sented by R? (linear regression coefficient of determination).

Ca
Model 320 ~ 360 ~ 370 ~ 380 ~ 390 ~ 400 ~ 500 ~
360 370 380 390 400 500 700
BTA 0.90 0.80 0.58 0.60 0.75 0.83 0.89
BTA- 0.94 0.81 0.69 0.73 0.82 0.91 0.92
01
BTA- 0.94 0.75 0.67 0.71 0.78 0.87 0.91
02
BTA- 0.94 0.82 0.70 0.74 0.83 0.92 0.92
03
BTA- 0.93 0.82 0.70 0.74 0.83 0.91 0.91
Cal
BTA- 0.93 0.82 0.69 0.73 0.83 0.92 0.94
Ca2
BTA- 0.93 0.82 0.70 0.74 0.83 0.92 0.91
Ca3

precipitation was the predominant variable in the central Loess Plateau
of China which is characterized by the warm temperate continental
climate (L. Li et al., 2020). Wind speed was considered to be a con-
trolling variable in some areas of south-western and north-western
China (Li et al., 2014; Liu and Zhang, 2013), on the Canadian Prairies
(Burn and Hesch, 2007) and in Iran (Dinpashoh et al., 2011). Temper-
ature was found the dominant factor affecting ET in Xilingol League of
China (Yu et al., 2020) and in Tropical Africa (Legesse et al., 2003). In
addition, the atmospheric CO5 concentration acts as the dominant factor
controlling ET changes over the North America, South America and part
of Asia (Shi et al., 2013). In our humid subtropical forest site, solar ra-
diation was demonstrated the most influential variable for both ET and
GPP, which was consistent with the results of many other studies such as
Liu et al., (2017), followed by water vapor pressure deficit.

In an area like the Dinghushan forest watershed where water and
carbon are sufficient (Liu et al., 2013), ET and GPP should not be limited
by water supply but can be limited by radiation energy. Our study shows
that solar radiation had a great influence on ET and GPP dynamics, and
increases in solar radiation led to increases in ET and GPP, consistent
with other studies in similar environments (Isabelle et al., 2021; Mon-
taldo et al., 2020). As a main driver of evapotranspiration, solar
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radiation can explain 55% of the daily variation in ET. The dominant
role of solar radiation in ET changes was also discussed at a larger scale
using satellite products in an extended wet humid area (Wang et al.,
2021). Vapor pressure deficit was the second most important meteoro-
logical factor influencing ET. This is because the heat required for
evapotranspiration mainly comes from solar radiation, while the driving
force for the diffusion of water vapor to the atmosphere is mainly the
difference in water vapor saturation status (Fan et al., 2004). Similar to
water vapor flux (ET), the terrestrial ecosystem GPP from 2007 to 2010
was also strongly correlated with solar radiation, vapor pressure deficit
and carbon dioxide concentration. Understandably, plant photosyn-
thesis only occurs in environments with sufficient photosynthetic active
radiation (PAR). The annual GPP in the old-growth subtropical forest
was quite steady and presented relatively limited inter-annual variation
(1430 +87 g C/m?) (Liu et al., 2017; Yan et al., 2013).

Apart from the above similarity, we also observed that the responses
ET and GPP to meteorological variables showed slight differences. The
correlation of ET-D was greater than that of GPP-D, while the correlation
of ET-Ca was weaker than that of GPP-Ca. The impact of environmental
changes especially the increasing carbon dioxide concentration on
photosynthesis was greater than that on evapotranspiration in our site.
The daily average carbon dioxide concentration can explain 14% of the
variation in ET versus 26% of the variation in GPP, which means that
this old-growth forest can still assimilate carbon for biomass production
(Yan et al., 2013). Changes in the hydrological cycle and CO; fertiliza-
tion have a positive interaction, leading to a higher rate of carbon
sequestration (Nemani et al., 2002). These findings infer that the forests
will play an important and irreplaceable role in mitigating climate
change impact as a carbon sink in most time of a year, especially in an
environment where the CO; concentration is increasing gradually.

4.2. The modified process-based model for evapotranspiration simulations

The original BTA model did not take into account the change in soil
water content which would presumably limit the performance of the
model (Wang et al., 2016). By adding a soil water potential then a soil
water content response function, Liu et al., (2019a, 2019b) improved the
model for plant stomatal conductance and transpiration simulation. As a
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continuity, we further integrated the CO, concentration stress into the
model, which gives it the capability to simulate water and carbon
coupling processes. Additionally, we allowed one model parameter to
vary with meteorological conditions by using ET, which extends the
model application from transpiration alone to total evapotranspiration
estimates. In the semi-empirical multiplicative models, ET is the product
of the response functions to individual factors, which sometimes need to
consider the interactive effects between environmental factors (Damour
et al., 2010). Our results showed that the modified models had a satis-
factory performance in simulating the evapotranspiration of this sub-
tropical forest. Our final model integrates the effects of both the major
atmospheric conditions and the water supply conditions, as such,
improvement of the simulation accuracy reflects well the underlying
mechanisms of Ca effect on ET, for example, the restraint of CO satu-
ration on stomatal openness and thus ET. One possible reason for the
limited difference between the BTA-0 model group and BTA-Ca model
group can be that when the CO, concentration goes above a certain
threshold (e.g., 350 cmg/m3), its limiting effect on stomata conductance
will become stronger (i.e., f(Ca) < 1), which results in a reduction in ET
rate inferred by the multiplicative structure of the model. Numerous
studies have shown that lower Ca promotes stomatal opening, while
higher Ca can induce stomatal closure (Ye et al., 2021; Zheng and Peng,
2003). Furthermore, regarding the effect of Ca on ET, there are two
contrasting views that on the one hand, with the increase in Ca the leaf
stomates will be closed or partially closed due to intercellular CO5
saturation which then reduces the passing-through rate of water vapor,
i.e., ET will be reduced with high Ca (Alkama et al., 2010; Betts et al.,
2007; Cramer et al., 2001; Gedney et al., 2006); on the other hand, with
the increase in Ca photosynthesis will be enhanced to produce more
biomass that leaf area index (LAI) will therefore increase, and ET is
usually positively associated with LAI (Cao et al., 2010; Felzer et al.,
2009; Piao et al., 2007; Shi et al., 2013). As such, the positively effect of
Ca on ET may be often observed at a relatively low Ca level in a long
term such as seasonal or yearly analysis (Niemand et al., 2005; Piao
etal., 2015, 2007), whilst the negative effect may mainly be present in a
short term such as daily analysis (Kang et al., 1995; Li et al., 2003; Zhang
et al., 1999).
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4.3. Implications for forest water budget assessment under climate change

The current global atmospheric CO, concentration has increased
significantly compared with pre-industrialization concentrations, with
the average surface temperature increasing mainly due to the emission
of CO, and other greenhouse gases. Climate change is exacerbating the
water cycle, which was reported to result in more intense rains and
floods, and also more severe droughts in many areas (IPCC, 2021).
Climate extremes such as droughts and heatwaves have a large impact
on terrestrial carbon uptake by reducing gross primary production
(Gampe et al., 2021). Forests and their spatial distributions have always
been considered an effective way to mitigate the global warming im-
pacts (Kulmala et al., 2004; Zheng et al., 2022), because trees can absorb
CO4 in the air through photosynthesis and return water to the air via
transpiration and interception loss (Macdicken et al., 2015). The in-
crease in forest cover can assimilate more carbon dioxide but it can also
lead to more water uptake, leaving less water for other users in the forest
ecosystem. Therefore, ET estimation over forests considering CO2 con-
centration is critical and urgent to explore the balance between carbon
assimilation and water consumption. This study provides a simple
example of coupling water and carbon, and can potentially be applied to
assess the interactions between CO; and evaporative fluxes in other
terrestrial ecosystems, even though the suitability of the stress function f
(Ca) and its associated CO, concentration thresholds are worth further
investigation to fit in different sites.

Moreover, through simple water balance calculations, we found that
the forest in our site has grown in a relatively water-surplus environment
in most time of the year, with water deficit primarily occurring in
winter. However, this water deficit can be leveraged by the soil water
and groundwater storage accumulated in summer and autumn prior to
reduced precipitation in winter. In addition, because of the high vege-
tation density in the old-growth forest stand dominated by monsoon
evergreen broad-leaved forest (MBF) with a LAI of 4.9 ~ 5.6 throughout
the year, it is assumed that the total ET in the site is mostly attributed to
plant transpiration although the proportion cannot be quantified
without concurrent sap flow measurements. The transpiration-to-
evapotranspiration ratio is a key parameter to quantify ecosystem
water use efficiency and important to assist forest water management.
The ratio can be affected by both environmental factors (e.g., solar ra-
diation, air temperature, air humidity, precipitation, wind speed, soil
moisture content) and biological factors (e.g., vegetation types and
canopy cover, and LAI) (Gu et al., 2018; Nelson et al., 2020). It is worth
mentioning that when Jarvis (1976) developed an empirical transpira-
tion model, LAI was present, however, due to its gradual change char-
acteristics and often low measuring frequency compared to other
environmental factors, LAl was neglected in the development after-
wards. Ren et al., (2019) estimated that the ratio of the evergreen
broadleaf forests in the humid south China was as high as 0.8, higher
than other plant functional types including deciduous broadleaf forest
and evergreen needleleaf forest, etc. Therefore, the ET simulated by the
modified models in this study can capture the water availability dy-
namics well, which indicates that our model can serve as a useful tool in
the humid subtropical forests to examine the water budget at a fine
temporal scale.

5. Conclusions

By considering the effects of climate change (e.g., the increase of
carbon dioxide concentration), we constructed and integrated a Ca stress
function into a simplified process-based transpiration model. Using the
meteorological data of Dinghushan Ecological Reserve from 2007 to
2010, we compared the original and two modified model groups. Results
showed that these models had agreeable simulation results in a sub-
tropical forest. Both modified models performed better than the original
one, and their applications in evapotranspiration estimation were sound
and robust. The insignificant difference in model performance where
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different types of soil water content stress functions were tested may
suggest the weak role of soil water content in evaporation process in this
region due to the high saturation conditions. An overall negative rela-
tionship between daily Ca and ET was found, and a threshold of Ca at
350 cm®/m® was observed for this site above which ET will decrease, but
this threshold can vary with different study sites and needs further
verification. The positive effect of Ca on ET can occur in long-term study
like annual analysis, which is not observed here for daily scale analysis.
In the context of climate change, predicting how the increase of Ca will
affect hydrologic processes including evapotranspiration is crucial for an
extensive range of applications, and this study provides a tool for pre-
diction of forest evapotranspiration towards an improved understanding
of water-carbon coupling processes.
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