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Quantiﬁcation of the contribution of transpiration (T) to evapotranspiration (ET) is a requirement for understanding changes in carbon assimilation and water cycling in a changing environment. So far, few studies have
examined seasonal variability of T/ET and compared diﬀerent ET partitioning methods under natural conditions
across diverse agro-ecosystems. In this study, we apply a two-source model to partition ET for three agroecosystems (rice, wheat and corn). The model is coupled with a plant physiology scheme for the canopy conductance. The model-estimated T/ET ranges from 0 to 1, with a near continuous increase over time in the early
growing season when leaf area index (LAI) is less than 2.5 and then convergence towards a stable value beyond
LAI of 2.5. The seasonal change in T/ET can be described well as a function of LAI, implying that LAI is a ﬁrstorder factor aﬀecting ET partitioning. Application of the model to seven other Ameriﬂux sites reveals that soil
moisture and canopy conductance also inﬂuence the ET partitioning. The two-source model results show that the
growing-season (May–September for rice, April–June for wheat and June–September for corn) T/ET is 0.50, 0.84
and 0.64, while an isotopic approach shows that T/ET is 0.74, 0.93 and 0.81 for rice, wheat and maize, respectively. The two-source model results are supported by soil lysimeter and eddy covariance measurements
made during the same time period for wheat (0.87). Uncertainty analysis suggests that further improvements to
the Craig-Gordon model prediction of the evaporation isotope composition and to measurement of the isotopic
composition of ET are necessary to achieve accurate ﬂux partitioning at the ecosystem scale using water isotopes
as tracers.
The program code for the two-source model is available at the open-source platform https://github.com/
zhongwangwei/SiLSM_v3.

1. Introduction
Evapotranspiration (ET), a combination of soil or substrate evaporation (E) and plant transpiration (T), is an essential component of
the terrestrial water cycle. Knowledge about the contribution of T to ET
is important for understanding changes in carbon assimilation and in
water cycling in a changing environment, and has received intensive
attention from the scientiﬁc community in recent years (Jasechko et al.,
2013; Good et al., 2015; Maxwell and Condon, 2016; Miralles et al.,
2016; Wei et al., 2017). Traditionally, the transpiration fraction T/ET
can be determined by combining in-situ measurements, including eddy
covariance systems (Baldocchi and Meyers, 1991; Wilson et al., 2001;
Agam et al., 2012), Bowen ratio equipment (Ashktorab et al.,1989;
⁎

Zeggaf et al., 2008; Holland et al., 2013), weighing lysimeters (Boast
and Robertson, 1982; Shawcroft and Gardner, 1983; Walker, 1984;
Zhang et al., 2002), sap ﬂow meters (Sakuratani, 1981, 1987; Williams
et al., 2004), up-scaling of leaf (Kato et al., 2004; Ding et al., 2014) and
soil chamber measurements (Stannard and Weltz, 2006; Rothfuss et al.,
2010; Raz-Yaseef et al., 2012), and isotopic labeling (Wang and Yakir,
2000; Williams et al., 2004; Yepez et al., 2005; Hu et al., 2014; Good
et al., 2014). Only a few studies have investigated drivers of seasonal
variability of T/ET (Liu et al., 2002; Raz-Yaseef et al., 2012; Wang et al.,
2015; Wei et al., 2015) and the issue about how diﬀerent partitioning
techniques compare with each other across diverse ecosystems and soil
moisture conditions (Wilson et al., 2001; Moran et al., 2009; Wang
et al., 2015).

Corresponding authors at: School of Forestry and Environmental Studies, Yale University, New Haven, CT, USA.
E-mail addresses: zhongwang.wei@yale.edu (Z. Wei), xuhui.lee@yale.edu (X. Lee).

https://doi.org/10.1016/j.agrformet.2018.01.019
Received 17 February 2017; Received in revised form 10 January 2018; Accepted 15 January 2018
0168-1923/ © 2018 Elsevier B.V. All rights reserved.

Agricultural and Forest Meteorology 252 (2018) 296–310

Z. Wei et al.

Stable water isotopes have also been incorporated as tracers into
land surface models to better understand energy and water ﬂuxes (Riley
et al., 2003; Henderson-Sellers et al., 2006; Yoshimura et al., 2008; Xiao
et al., 2010; Cai et al., 2015; Wang et al., 2015). These studies demonstrate that an isotope-enabled ET model is a useful tool to address
the dynamics that drive temporal and seasonal variability of T/ET and
to understand whether the diﬀerent techniques agree under natural
conditions across diverse ecosystems. However, it is challenging to integrate processes underlying the dynamic variations in the plant transpiration and soil evaporation ﬂuxes and those underlying isotopic
fractionation of these ﬂuxes, in large part because of the lack of high
resolution ﬁeld observations and the diﬃculty of undertaking targeted
in-situ water vapor isotope measurements (Riley et al., 2003; Cai et al.,
2015; Wang et al., 2015).
Rice, corn and wheat are staple crops providing the dominant diet of
the global human population. Their cultivation costs more than half of
the irrigation water consumption in the world (Siebert and Döll, 2010).
As agricultural areas expand over time to meet the increasing demand
for food, a better understanding of water loss through transpiration
relative to that lost through evaporation is necessary for improving
water resource management. Moreover, since climate change impacts
on soil moisture will lead to signiﬁcant changes on soil evaporation and
plant transpiration, it is crucial to develop a crop model capable of simulating crop water usage in response to environmental changes. In
this study, we investigate the contributions of evaporation and transpiration to ET by utilizing near-continuous ecosystem-scale isotope
and eddy covariance measurements for these three crops. Speciﬁcally,
the objectives of the present study are as follows: (1) to develop an
isotope-enabled two-source model, by coupled energy balance constraints with a plant physiology approach provided by Ronda et al.
(2001) to calculate the canopy conductance and with the non-steady
state isotopic fractionation mechanism of transpiration described by
Farquhar and Cernusak (2005); (2) to investigate the dynamics that
drive daily variabilities of T/ET in the three crop ecosystems; (3) to
perform model sensitivity analyses to explore potential uncertainties in
model parameterizations and to identify variables that exert large
controls on ET partitioning; and (4) to compare the relative strengths of
diﬀerent approaches (lysimeter based, two-source model, and isotopebased) for quantifying T/ET.

ET partitioning is also a subject of modeling investigation. A frequently-used model is that proposed by Shuttleworth and Wallace
(1985); hereafter S-W model). In this model, the energy balance constraint is applied separately to the soil and the canopy of sparse natural
ecosystems and heterogeneous crops to calculate water and heat
transfers from these two sources (e.g. Vörösmarty et al., 1998;
Stannard, 1993; Kato et al., 2004; Hu et al., 2009; Ding et al., 2014). A
large uncertainty of the S-W model is related to the determination of
canopy resistance (rsc) because the model is very sensitive to rsc. Typically, rsc is calculated by scaling up leaf stomatal resistance using the
Jarvis-Stewart parameterization (e.g. Hu et al., 2009; Kato et al., 2004).
It is known that the Jarvis-Stewart functional parameters calibrated for
a local environment do not necessarily work in future climates with
elevated carbon dioxide concentrations or at a diﬀerent site where
environmental conditions are diﬀerent from those of the calibration site
(Ronda et al., 2001). Alternatively, rsc can be parameterized according
to plant physiological constraints (the Ball-Berry-Collatz type). Parameterizations of the Ball-Berry-Collatz type have gained widespread use
in land surface schemes (e. g. Cox et al., 1998, Sellers et al., 1996).
Diﬀerent from the Jarvis-Stewart parameterization, the canopy conductance in the Ball-Berry-Collatz parameterization is an indirect
function of the environmental variables evaluated at the leaf level and
is linearly related to the gross assimilation rate. Thus, it directly links
the terrestrial water ﬂux with the carbon ﬂux and is more appropriate
for prognostic atmospheric models and climate impact studies (e.g. Cox
et al., 2000; Medvigy et al., 2010). One such physiological parameterization has been developed by Ronda et al. (2001), which includes an analytical expression that links rsc, a canopy-scale property, to
leaf-scale photosynthetic capacity so that the eﬀects of soil moisture,
solar radiation, and vapor pressure deﬁcit are accounted for. Although
this rsc model has been successfully implemented in various modeling
frameworks, such as large eddy simulations (Lee et al., 2011), mesoscale weather forecast models (e.g. Niyogi et al., 2009) and in oﬄine
site diagnostic analyses (e.g. Egea et al., 2011), it has not yet been incorporated into the S-W model.
Stable water isotope is a natural tracer of ecosystem processes and a
useful tool for partitioning evapotranspiration at the ecosystem scale.
To apply this method, detailed knowledge of isotopic fractionation in
the diﬀerent phases of water in the soil, the vegetation, and the atmosphere is required. Historically, because of diﬃculties in measuring
the isotopic compositions of water vapor samples, very few studies have
reported successful implementation of long-term (weeks to a season)
isotopic partitioning. Recently, laser spectroscopy technology allows
measurement of water vapor isotopic ratios at a high temporal resolution and on a continuous basis (Lee et al., 2006; Wei et al., 2015). Such
measurements reveal quantitative information on temporal variations
of water vapor isotopic ratios and the mechanisms involved. Thus,
isotope-based ET partitioning studies have been increasing in recent
years (e.g. Rothfuss et al., 2010; Dubbert et al., 2014a; Good et al.,
2014; Hu et al., 2014; Wen et al., 2016; Wei et al., 2015; Berkelhammer
et al., 2016; Wang et al., 2016).
The isotopic method still faces several challenges. A successful ET
partitioning requires that all the three isotopic endmembers, the isotopic composition of transpiration (δT), soil evaporation (δE) and evapotranspiration (δET) be known accurately. Recent studies have raised
doubt about the steady state assumption (SSA) that δT is equal to the
isotopic composition of the xylem water (e.g. Lai et al. 2006; Lee et al.,
2007; Dubbert et al., 2014a; Dubbert et al., 2014b; Hu et al., 2014;
Wang et al., 2015). These studies show that δT is in non-steady state
(NSS), deviating from the isotopic composition of the xylem or source
water, through the diurnal time scale. Moreover, the assumptions underlying δET (such as the Keeling plot) and δE (such as determination of
the δE source using a measurement at an assigned soil depth) estimation
may not hold under ﬁeld conditions (Dubbert et al., 2013; Lee et al.,
2006; Werner et al., 2012). Little is known about the impact of these
challenges on long-term (weeks or longer) ET partitioning.

2. Methods
2.1. Study sites
During the growing season in 2014, ﬁeld observations were conducted at a rectangular experimental rice paddy ﬁeld in Mase, Tsukuba,
Japan (36° 03′ N, 140° 01′ E, elevation 12 m above the mean sea level).
Around the site, a ﬁeld of about 150 ha was used exclusively for
planting rice (Oryza sativa L; Wei et al., 2016). The mean annual precipitation and air temperature were approximately 1200 mm and
13.7 °C, respectively. Irrigation started on 24 April, 2014. Rice was
sown on 2 May and was harvested at the end of August. The soil texture
of the paddy ﬁelds is clay loam. During the full growing season, the
ﬁeld was ﬂooded to a mean water depth of 3.0 cm. Periodic measurements of leaf area index (LAI) are plotted in Fig. 1.
The other experiment was conducted at the Luancheng AgroEcosystem Experimental Station (37° 53′ N, 114° 41′ E), located in the
North China Plain, which is a major agricultural region in China (Wen
et al., 2012; Xiao et al., 2012). A ﬁeld study was conducted in a winter
wheat and summer corn rotation. Wheat (Triticum aestivum L.) was
planted in November of 2007 and harvested on June 18, 2008, with a
maximum LAI of 4.5 (Fig. 1) and a maximum height of 0.75 m. Corn
(Zea mays L.) was planted at the beginning of June before wheat harvest and was harvested in mid-September. The corn canopy reached a
maximum LAI of 4.2 and a maximum height of 2.77 m on August 16
(Fig. 1). The site is controlled by a semi-arid monsoonal climate, with a
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Energy imbalance was observed at these study sites (about 22% at
Mase and 10% at Luancheng). Since the S-W model is based on the
principle of energy budget conservation, we assume that the energy
imbalance was caused by eddy covariance measurement biases. For
model performance evaluation, we adjusted measured half-hourly latent heat ﬂux (LE) and sensible heat ﬂux (H) by an adjustment factor
derived from the Bowen ratio (H/LE), to achieve energy balance closure
with the assumption that the Bowen ratio was measured accurately
(Twine et al., 2000; Blanken et al., 1998).

Fig. 1. Seasonal variations of leaf area index (LAI).

2.2.2. Isotope measurements
All isotope measurements are presented as the ratio of heavy [18O
(H2O)] to light [16O(H2O)] isotopologues and are relative to the normalized delta notation in per mil (‰). The reference standard is
VSMOW. A water vapor isotopic measurement system at the Mase site
consisted of a cavity ring-down spectrometer (model L2120-i), a standard delivery module (A0101), a high-precision vaporizer (A0211), and
a 16-port distribution manifold (A0311; Picarro, Sunnyvale, CA, USA;
Wei et al., 2015). Air was drawn from a height of 2 m above the ground
to the spectrometer, which was calibrated with the standard delivery
module. The isotopic measurement was made at 1 Hz and was averaged
to 30 min intervals. The high frequency (1 Hz) measurement was used
in a Keeling mixing line analysis to determine the isotopic composition
of ET. Surface standing water in the rice paddy was sampled 3 days per
week. The liquid water samples were analyzed using another cavity
ring-down spectrometer (L2120-i) in the laboratory. Detailed information can be found in Wei et al. (2015) and Wei et al. (2016).
At the Luancheng site, the O18/O16 ratio in water vapor was measured continuously using a tunable diode laser trace gas analyzer
(Model TGA100A; Campbell Scientiﬁc Inc., Utah, USA; Wen et al.,
2012). Water vapor was sampled at two heights above the canopy
which were adjusted according to plant growth. The isotopic composition of evapotranspiration was determined from the gradient measurement using the ﬂux-gradient relationship (Lee et al. 2006). Soil
samples were collected from 3 diﬀerent depths (0–5, 15–20 and
40–45 cm). Leaf, stem and soil samples were collected from four sampling plots within 50 m of the gas intakes every 2–4 days. The main leaf
vein was removed from leaf samples and the upper and lower canopy
were archived separately. Liquid water in the soil, leaf and stem samples was extracted using a vacuum extraction system and isotopic
measurements were made with an isotopic ratio infrared spectroscopy
(DLT-100; LGR, CA, USA). Interference by organic containments was
corrected following the procedure of Schultz et al. (2011). Detailed
information can be found in Wen et al. (2012) and Xiao et al. (2012).

mean annual precipitation of 480 mm and a mean annual temperature
of 12.2 °C (Sun et al., 2006). Soil moisture ﬁeld capacity is approximately 34% by volume in the top 100 cm soil layer (Sun et al., 2006).
2.2. Observation systems
2.2.1. Meteorological measurements
At the Mase site, an eddy covariance system, consisting of an openpath, non-dispersive infrared gas analyzer (LI-7500, Li-cor., Lincoln, NB,
USA) and a 3D ultrasonic anemometer (DA-600, Kaijo., KAIJO Corp.,
Japan) mounted at a height of 3.0 m above the ground was used to
measure momentum, sensible heat and latent heat ﬂuxes. Air temperature
(Ta) and relative humidity (RH) were measured by two temperature-humidity sensors (HMP-45A, Vaisala Helsinki, Finland) at two heights (1.1
and 3.8 m) above the ground. Radiation ﬂux densities were measured at a
height of 2.3 m above the ground using a four-component net radiometer
(CNR1, Kipp & Zonen, The Netherlands). Wind direction and wind speed
were measured by a vane (VF016, Makino Applied Instruments, Tokyo,
Japan) and a cup anemometer (AF-750, Makino, Tokyo, Japan) at a height
of 4.3 m. Because the ground was ﬂooded, the total conduction heat ﬂux
(into the water column and the soil) was calculated from the heat storage
in the standing water and the heat ﬂux in the soil. Soil heat ﬂuxes were
measured by thermopile-type heat ﬂux plates (MF-180M; Eko, Japan) at
0–2.5 cm, 0–5 cm, 0–10 cm, 0–20 cm and 0–30 cm below the soil surface.
Mean water temperature was measured by a T-type thermocouple and the
heat storage in the water was estimated from water depth and the time
rate of change of the water temperature. The data collected in the 2014
season was used in this study.
At the Luancheng site, the experiment took place in 2008. The eddy
ﬂuxes of momentum, latent heat and sensible heat were measured using
a sonic anemometer (CSAT-3; Campbell Scientiﬁc Inc.) and a CO2/H2O
infrared analyzer (LI-7500; Licor Inc., Lincoln, NB, USA), which were
mounted at a 3 m height above the ground. Soil temperature was
measured using thermocouples (105T; Campbell Scientiﬁc Inc.) at three
depths (10, 20, and 50 cm) below the surface. Soil heat ﬂux was measured with three ground heat ﬂux sensors (HFP01; Campbell Scientiﬁc
Inc.) at a depth of 2 cm. No calorimetric correction made for 0–2 cm
depth. Auxiliary measurements included Ta and RH (HMP45C;
Campbell Scientiﬁc Inc.), and wind speed (A100R; Vector Instruments,
Rhyl, North Wales, UK) at 1.4 m and 3.9 m heights above the ground.
Net radiation (Rn) was measured with a 4-component radiometer (CNR1; Kipp & Zone, Delft, The Netherlands). Water content reﬂectometers
(CS616-L; Campbell Scientiﬁc Inc.) were used to measure the soil water
content (θs) at 5, 20, and 50 cm depths. Precipitation was measured by
a rain gauge (TE525MM; Campbell Scientiﬁc Inc.). Soil evaporation was
measured with 2 small weighing lysimeters (120 mm diameter, 200 mm
depth) placed between two rows during the later part of the wheat
growing season. The micro-lysimeters contained isolated bare soil columns, and were mounted ﬂush with the soil surface, and were weighed
daily to determine water loss using an electronic balance with 0.001 kg
precision (Liu et al., 2002). The soil in the lysemeters was changed once
per day to every couple of days to keep the soil moisture in microlysimeters in agreement with that between the rows. The ratio of daily
canopy transpiration over evapotranspiration were then calculated as
T/ET = 1- E/ET.

2.3. Model description
2.3.1. Shuttleworth-Wallace model
The overall model structure is shown in Fig. 2. Brieﬂy, the S-W
model is a variation of the Penman-Monteith model constrained by
energy conservation. It simulates the soil evaporation and canopy
transpiration in hourly time resolution. The model takes into consideration the diﬀerent resistances encountered by soil evaporation and
canopy transpiration. In this study, the S-W model was coupled with a
photosynthesis-stomatal (gs-Ac) conductance sub-model developed by
Ronda et al. (2001) to calculate the canopy transpiration. Mathematical
details of the S-W model and the photosynthesis-stomatal conductance
sub-model are presented in Appendix A. The gs-Ac model is a plant
physiological approach which makes a distinction between C3 and C4
plant types. Diﬀerent parameterizations used for the biochemical
module of C3 (rice and wheat) and C4 (corn), including the mesophyll
conductance, the initial light use eﬃciency, the CO2 compensation
point and the maximal primary productivity, are presented in Table A1
of Ronda et al. (2001). At the Luancheng site (wheat and corn), the
inﬂuence of soil moisture stress on the canopy conductance was evaluated using a quadratic stress function (Appendix A). At the Mase site,
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Corn, Maze Rice, US-NE1 Soybean, US-NE1 Corn, US-NE2 Soybean and
US-NE2 Corn) and 3 were rain-fed (US-NE3 Soybean, US-NE3 Corn and
US-RO3). Except for the vapor pressure deﬁcit constant D0
(Supplementary Table S1), all other parameters in the model were
unchanged. We chose these AmeriFlux sites because the soil moisture
and LAI data were available at suﬃcient time resolutions to drive the
model simulation.
2.3.2. Isotopic partitioning approach
The isotope partitioning approach is based on mass balance consideration for both the major and the minor isotopologues. Utilizing a
two end-member (E and T) mixing model, the partitioning can be expressed as

T / ET =

δET − δE
δT − δE

(1)

(Yakir and Sternberg, 2000). This equation requires that the isotopic
ratio of the ET, E and T ﬂuxes be known from direct measurement or
model estimation. In this study, δET at the Mase site was determined
from the vapor isotope measurement using the Keeling plot approach,
and δET at the Luancheng site was measured with the ﬂux-gradient
method.
The isotopic composition of substrate evaporation (δE) was calculated with the Craig and Gordon (hereafter C-G) model (Craig and
Gordon, 1965; Appendix C). Input variables of the C-G model included
the isotopic ratios of vapor (δv) measured at the reference height above
the canopy and soil (in the case of Luancheng) or surface (in the case of
Mase) water (δs), air temperatures, soil or surface water temperature,
relative humidity, and the kinetic fractionation associated with substrate evaporation (εk). Diﬀerent εk values were applied to the two sites
to account for the fact that substrate evaporation originated from two
diﬀerent media (soil in Luangcheng and standing water in Mase; Appendix C): A constant εk value of 21‰ based on the chamber evaporation study of Kim and Lee (2011) was used for Mase and the
parameterization of Wen et al. (2012) was used for Luancheng.
The isotopic composition of transpiration (δT) was estimated under
two diﬀerent assumptions. Under the steady-state assumption (SSA), δT
was assumed to be the same as the delta value of stem water. Under the
condition of non-steady state (NSS) isotopic behavior of transpiration,
δT is also aﬀected by temporal changes in foliage water content (W) and
the transpiration rate (T). To determine δT in non-steady state, the
model proposed by Farquhar and Cernusak (2005), accounting for the
change in the water content and the Péclet eﬀect, was used. The measured W and the isotopic ratio of stem water are required by this model
as input variables. At the Luancheng site, a seasonal time series of W
was established by linear interpolation between weekly W measurements. Superimposed on the seasonal variation was a diurnal variation
according to the diurnal composite W measured during intensive
campaigns (Xiao et al., 2010; Xiao et al., 2012). The seasonal mean W
was 159.7 g m−2 for wheat and 154.1 g m−2 for corn. The other input
variables needed by the NSS model, the transpiration rate, canopy
temperature, relative humidity in reference to canopy temperature
(RHc), and the resistance terms were determined by the S-W model
outputs (Appendix A). The resistance terms were used to determine the
kinetic factor for T (Lee et al. 2009).
At the Mase site, because of the lack of stem water isotope measurement, we assumed that the δ value of stem water was the same as
that of the surface water. A typical value of W of 110 g m−2 for rice
plant (Ishihara et al., 1974) was assumed for the rice growing season.
Time changes in W were not considered; Xiao et al. (2012) showed that
the foliage isotope enrichment is not sensitive to time variations in W.
In addition to δE and δT the transpiration isotopic submodel also
calculates the isotopic composition of bulk leaf water δL,b. Although not
used for ET partitioning, δL,b is a useful variable to understand the nonsteady state isotopic behaviors and to gage the submodel performance.
To evaluate the transpiration isotopic submodel, we compared the

Fig. 2. Schematic representation of the two source-model and its relationship to the
isotopic tracer method. S-W: Shuttleworth and Wallace model; SSA: steady state isotopic
behavior of transpiration; NSS: non-steady state isotopic behavior; C-G: Craig-Gordon
model: Ag-gc,w: canopy resistance model developed by Ronda et al. (2001).

because there was no soil moisture stress, the quadratic stress function
value was assigned a value of one.
The input data of the S-W model included air temperature, relative
humidity, net radiation, wind speed, atmospheric CO2 concentration,
air pressure, soil temperature and moisture, LAI, and canopy height.
The tunable parameter in the stomatal parameterization, the vapor
pressure deﬁcit constant D0 in Eq. (11) of Ronda et al. (2001), was
determined by minimizing the root mean square error (RMSE) between
the simulated and the observed latent heat ﬂux. The optimization results were D0 = 0.245 kPa for rice, D0 = 0.250 kPa for wheat and
D0 = 0.160 kPa for corn, respectively (Supplementary Table S1). It is
noted that our stomatal parameterization is diﬀerent from that in the
big-leaf model proposed by Xiao et al. (2010) and applied to the same
experiment at Luancheng (Xiao et al. 2012). The study by Xiao et al.
(2012) aims to investigate temporal variability of foliage isotope
compositions. The version used by Xiao et al. contains two tunable
parameters: D0 and the CO2 concentration constant a1, where
D0 = 0.50 kPa and a1 = 11.9 for wheat and D0 = 0.74 kPa and
a1 = 4.2 for corn were determined by a nonlinear least squares method
to minimize the diﬀerence between the observed and the simulated
latent heat ﬂux. The present study adopted the original a1 parameter
values in Ronda et al. (2001) (a1 = 9.1 for C3 and 6.6 for C4 plants).
The canopy temperature (Tc) used by the gs-Ac sub-model (Fig. 2) was
solved iteratively until a stable value was reached.
Soil surface resistance (rss) is calculated as a function of soil
moisture content (Sellers et al., 1992; Appendix B).
Validation was performed against the eddy covariance ET measurements. The model calibration ensures that ET is unbiased but it
does not guarantee that the total water vapor ﬂux is partitioned properly. The ET partition may be sensitive to how the net radiation is divided between the canopy and the substrate (Eq. A11) and to the soil
surface resistance parameterization (Eq. A18). A Monte Carlo analysis
was performed to quantify this error propagation. In this analysis, a
total of 1000 ensemble members were calculated, with errors in the
light extinction coeﬃcient (kr, Eq. A11) and the two coeﬃcients in Eq.
A18 following a normal distribution with standard deviations of 10% of
the original value.
To investigate the relationship of T/ET with LAI, soil moisture and
canopy resistance, we also applied to the S-W model to 7 AmeriFlux
crop sites, bringing the total number of sites to 10 (Supplementary
Table S1). Of these, 7 were irrigated (Luancheng Wheat, Luancheng
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The seasonal mean bias errors of the whole-ecosystem latent heat ﬂux
are 4.3 W m−2, −0.4 W m−2 and −0.8 W m−2 for rice, wheat and corn,
respectively.
The model was further tested using the data measured at AmeriFlux
sites US-NE1, US-NE2, US-NE3 and US-RO3 consisting of corn-soybean
rotation. The tunable parameter (D0) in the stomatal parameterization
was set to 0.35 and 0.40 for soybean and corn ecosystems, respectively
(Supplementary Table S1). The S-W model reproduced the observed ET
very well, with a bias within 10% and a high correlation (R2 > 0.87;
Supplementary Figs. S1 and S2).

modeled δL,b against the measured values. Detailed information about
the δT and δL,b equations can be found in Appendix C.
In this study, we quantify T/ET using three methods, the S-W model,
a combination of eddy covariance and lysimeter measurements (for
wheat only), and an isotopic partitioning approach based on the SSA
and NSS δT estimation. Fig. 2 shows the relationships between the ﬁrst
and the third methods.
2.4. Performance evaluation and sensitivity analysis
Four performance measures, including root mean squares error
(RMSE), index of agreement (I), bias index (BI), and coeﬃcient of
variation (R2), were used to evaluate the model performance, as
N

⎡1
RMSE = ⎢
N
⎣

i=1

N
∑i = 1

A comparison of the observed and modeled isotope composition of
the bulk leaf water (δL,b) is given in Fig. 4. A summary of statistics is
shown in Table 2. The isotope composition of the leaf water is simulated reasonably well, with R2 equal to 0.73, I index of 0.92, BI of
0.13‰ and RMSE of 2.46‰ using SSA for wheat, and R2 equal to 0.76
(0.82), I index of 0.92 (0.93), BI of 0.04‰ and RMSE of 2.89‰ using
SSA for corn; using NSS, the R2 is equal to 0.74, I index is 0.92, BI is
−0.31‰ and RMSE is 2.63‰ for wheat, and R2 is equal to 0.82, I index
is 0.93, BI is −0.58‰ and RMSE is 2.74‰ for corn.
Similar to Xiao et al. (2012), the SSA and the NSS model produced
nearly identical results for the daytime (9:00–16:00 local time) and the
main discrepancy occurred in the nighttime (Fig. 4). The low sensitivity
of the simulated δL,b to the SSA in the daytime is related to the short
turnover time of foliage water (less than 1 h, Wang et al., 2015) and
lack of the Péclet eﬀect at the canopy scale (Xiao et al., 2010). The
larger nighttime diﬀerences between the NSS and the SSA results can be
partially explained by a large foliage water turnover time (greater than
200 h; Wang et al., 2015) at night. Because isotopic composition in the
bulk leaf plays a major role in the isotopic exchange between the ecosystem and atmosphere, the good correlation between the simulated
and observed isotopic composition in the canopy foliage suggests that
our model is reasonably robust.

1/2

⎤
(Si − Mi )2⎥
⎦

N
∑i = 1

I=1−

(2)

(Si − Mi )2

(|Si − M | + |Mi − M |)2

(3)

N

1
N

BI =

∑

3.2. Isotopic composition of canopy foliage water

∑ (Mi − Si)

(4)

i=1

N
⎡
∑i = 1 (Si − S )(Mi − M )
R2 = ⎢
⎢ ∑N (Mi − M )2 ∑N (Mi − M )2
i=1
i=1
⎣

2

⎤
⎥
⎥
⎦

(5)

where N is total number of observations, Si is modeled value, and Mi is
observed value.
A sensitivity analysis was conducted to quantify model errors that
may arise due to uncertainties in the measured input variables. The
approach was proposed by Beven (1979) and Wang and Yamanaka
(2014). The sensitivity coeﬃcient (SCj) is given by

SCj =

1
N

N

∑
i=1

∂Oi, j Pi, j
∂Pi, j Oi, j

(6)
3.3. T/ET seasonal variations

where Pj is the jth variable in question, subscript i denote the ith observation, N is total number of observations, O is output variable, which
is either the ET ﬂux or the ﬂux ratio T/ET. The diﬀerential ∂Oi, j / ∂Pi, j is
estimated as:

∂Oi, j
∂Pi, j

=

OP* − OP
P* − P

Fig. 5 shows the seasonal variations of T/ET based on the S-W model
and on the isotope approach deploying the SSA and the NSS assumption.
Here, the T/ET variation displays a strong seasonal cycle, varying between
0.0–0.6 for the SW model and 0.2–1.0 for the isotope method for rice,
0.5–1.0 for the measurement, 0.6–0.9 for the SW model and 0.8–1.0 for
the isotope method for wheat, and 0.2–0.7 for the SW model and 0.2–1.0
for the isotope methods for corn. According to the S-W model, T/ET for
rice and corn increase almost continuously with the vegetation growth in
the early growing season, and becomes relatively constant after the crops
established dense foliage (LAI > 2.5). Similar trend can be found in the
isotope results, although a higher T/ET ratio can be found in most of the
observation days. The diﬀerence in the daily T/ET between the isotope
method and the S-W numerical modeling ranges from 0 to 0.5 for rice, 0 to
0.2 for wheat and 0 to 0.4 for corn. For seasonal timescale estimation, T/
ET is not sensitive to the SSA assumption (Fig. 5), although many studies
have documented the impact of NSS on diurnal δT estimations (Lai et al.,
2006; Dubbert et al., 2013; Dubbert et al., 2014b). For the whole measurement period, the S-W model results show that T/ET is 0.50, 0.84 and
0.64, and the isotopic approach shows that T/ET is 0.74, 0.93 and 0.81, for
rice, wheat and corn, respectively (Table 3). The two-source model results
are in better agreement than the isotopic method with the soil lysimeter
and eddy covariance measurement made during the same time period for
wheat (T/ET = 0.87).

(7)

OP*

is the predicted O with a provisionally-assumed value of P,
where
and OP is the predicted O with the default model variable value or the
measured input variable value (Beven, 1979). A positive SCj value of
0.1 means that a 1% increase in Pj induces a 0.1% increase in O. Note
that only daytime (07:00–17:00 local time) data were used for this
sensitivity analysis because nighttime water vapor ﬂux is a minor
component of the daily mean ﬂux to the atmosphere.
3. Results
3.1. Performance of the S-W model at diﬀerent time scales and diﬀerent
sites
In general, the model has successfully simulated ET for the three
ecosystems. No obvious bias is detected during the whole growing
seasons. As an example, Fig. 3 shows variations of the simulated and
measured hourly latent heat ﬂux during the peak growing season (LAI
close to 4) for rice, wheat and corn. The model performance statistics
based on hourly values for the whole season are shown in Table 1a. The
model slightly underestimates ET for rice and wheat, by 2% and 1%,
respectively, and slightly overestimates ET for corn by about 1%. The
daily ET means have smaller RMSEs than the hourly means (Table 1b).

3.4. Sensitivity analysis
Supplementary Table S2 summarizes the sensitivity of ET and T/ET
to the measured input variables. In the case of the S-W model, RH is the
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Fig. 3. Comparison of modeled and observed latent heat ﬂux (W m−2) for periods when LAI is close to 4 m2 m−2. Statistics of the model performance for the whole observation seasons
are presented in Table 1.

Table 1
Statistics of the S-W model performance as measured by errors in the latent heat ﬂux
calculations at hourly (a) and daily time steps (b).
Crop

R2

RMSE (W m−2)

Bias (W m−2)

Table 2
Statistics of the isotope model performance as measured by errors in the calculatedδ 18O of
bulk leaf water in Luancheng site. SSA indicates steady state isotopic behavior of transpiration and NSS indicates non-steady state isotopic behavior.

I-index
Crop

(a)
Rice
Wheat
Corn

0.96
0.93
0.94

33.9
42.6
28.8

4.3
−0.3
−0.5

0.99
0.98
0.99

(b)
Rice
Wheat
Corn

0.97
0.95
0.94

12.7
14.5
12.1

4.3
−0.4
−0.8

0.99
0.99
0.98

R2

RMSE (‰)

Bias (‰)

I-index

Wheat

SSA
NSS

0.73
0.74

2.46
2.63

0.13
−0.31

0.92
0.92

Corn

SSA
NSS

0.76
0.82

2.89
2.74

−0.04
−0.58

0.92
0.93

corn. A 10% increase in Rn, θs and LAI can introduce a mean relative
change of 6.0%, 2.3% and 3.6% in T/ET for rice, wheat and corn, respectively.
For the isotopes approach, the most inﬂuential factors aﬀecting T/
ET are RH, δET and δv for rice, wheat and corn, respectively, under both
the SSA and the NSS assumption. A 10% increase in RH, δET and δv

most inﬂuential in changing ET; a 10% increase in this variable can
introduce an average ET bias error of −9.2% (rice), −5.9% (wheat)
and −9.1% (corn). The most inﬂuential factor for ET partitioning is net
radiation (Rn) for rice, soil moisture content (θs) for wheat, and LAI for

Fig. 4. Comparison of the simulated and measured oxygen
isotopic composition of bulk leaf water (δ L,b). Statistics of the
model performance are presented in Table 2. Daytime periods
are 9:00–16:00 local time.
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δL,b for the corn experiment; these errors are comparable to those under
high LAI (> 2) conditions: the RMSE is 28.0 W m−2 for the latent heat
ﬂux and 2.34‰ (2.40‰) for NSS (SSA) δL,b. The consistent results
suggest that our model is suitable for simulating the seasonal water
vapor ﬂuxes and their isotopic variations.
Wang et al. (2015) have developed a two-source model called IsoSPAC for partitioning evapotranspiration, with RMSEs of 37.2 W m−2
and 1.69‰ for the latent heat ﬂux and δL,b, respectively, for a grassland
ecosystem. Iso-SPAC is based on a bulk transfer method and treats the
energy balance of both vegetative canopy and at the ground. The
Newton–Raphson (NR) iteration scheme is used to solve the canopy
temperature and the subtract temperature (Wang et al., 2015). A further application of this model was conducted in an arid artiﬁcial oasis
cropland ecosystem with high-frequency water vapor isotope measurements (Wang et al., 2016). However, the uncertainties become
larger there, with RMSEs of 45.9 W m−2 for the latent heat ﬂux and
4.65‰ for δL,b, suggesting that some of the model parameters need
further tuning to improve the model’s generality. The National Centre
for Atmospheric Research (NCAR) stable isotope-enabled Land Surface
Model (ISOLSM) has also be used to simulate ET and its isotopic components (Riley et al., 2003; Cai et al., 2015). In Cai et al. (2015), the
ISOLSM model is restricted mostly to a dry period between January 16
and 25, 2011, with an RMSE of 58.1 W m-2 for the latent heat ﬂux. (The
RMSE increases to 88.9 W m−2 for a wet period for a mixed natural
eucalyptus forest.). In our study, the RMSE of the latent heat ﬂux is
42.6 W m−2 for the wheat season and 28.8 W m−2 for the rice season
(Table 1). The ISOLSM uses a two-leaf (sunlit and shaded) formulation
for canopy processes. Our results indicate that the simpler one-leaf
formulation actually works better, at least for the simulation of water
vapor ﬂux.
The T/ET ratio based on the S-W model compares favorably with
those reported in the literature for cropland ecosystems. Our estimated
full growing season T/ET for rice (0.50) is lower than for ﬂooded wheat
(0.67–0.75) reported by Balwinder-Singh et al. (2011) on the basis of
microlysimeter measurements in Punjab, India. By coupling a landsurface and a crop growth model, Maruyama and Kuwagata (2010)
showed that T/ET is 0.45 during a rice growth period in Tsukuba,
Japan. According to weighting lysimeter and micro-lysimeter measurements made by Zhang et al. (2013), transpiration fraction during
the full crop season is generally between 0.64 and 0.95 for a full wheat
season consisting of mature and immature periods, and between 0.65
and 0.94 for a summer maize, with a whole season means of 0.72 and
0.60, respectively, for a winter-wheat and summer maize rotation
cropland in North China Plain. Xu et al. (2016) partitioned ET via a
two-source variational data assimilation system, showing a dominant
contribution from T to the total ET (T/ET > 0.8) for a summer corn
ﬁeld. Soil lysimeter and whole-canopy lysimeter measurements published by Liu et al. (2002) indicate that canopy transpiration comprises
0.79 and 0.70 of the total evapotranspiration for a mature wheat and
summer corn system, respectively, in the Luancheng site; for comparison, the T/ET ratio in our study is 0.84 for mature wheat growth phase
and 0.64 for the full season of the corn growth phase.
Our isotope-based T/ET, which shows that T/ET is 0.74, 0.93 and
0.81 during the measurement period for rice, wheat and corn, respectively, is generally consistent with other isotopic studies. Wang and
Yakir (2000) reported a value of 0.96 to 0.98 for a mature wheat ﬁeld
with a dense canopy. Wen et al. (2016) found that the relative contribution of daily T to ET ranges from 0.71 to 0.96 with a mean of
0.87 ± 0.05 for the growing season of a corn crop. Zhang et al. (2011)
showed T varies from 60% to 83% of the total ET during a winter wheat
season in North China Plain.

Fig. 5. Seasonal variations of T/ET determined by the isotope-based method (both SSA
and NSS) for midday periods (11:00–15:00) and the daily T/ET determined by the S-W
two-source model and the lysimeter / eddy covariance method.

Table 3
Comparison of ET-weighted T/ET for the whole observation periods using three diﬀerent
methods.
Crop

Rice
Wheat
Corn

S-W model

0.50
0.84
0.64

Isotope

Lysimeter / eddy covariance measurement

SSA

NSS

0.77
0.93
0.82

0.74
0.93
0.81

–
0.87
–

produces a relative change in T/ET by −4.8% (rice), −2.1% (wheat)
and −2.5% (corn). Consequently, the estimated values of T/ET seem
robust, as long as errors in the measured variables are bounded to 10%
of the reported values. We do not expect the measurement errors in RH,
δv and other micrometeorological variables to exceed this threshold.
However, as explained in Section 4.3, errors in δET can be larger than
this.
4. Discussion
4.1. Comparison with previous studies
Several isotope-enabled land-surface models have been developed
to simulate ecosystem processes related to the hydrologic cycle. Xiao
et al. (2010) developed a big leaf model to simulate ET and isotopic
water pools and ﬂuxes, showing good performance (RMSE of 57 W m−2
for latent heat ﬂux and 2.9‰ for δL,b) for a soybean ecosystem. Their
simulation was restricted to the period when the canopy was fully
closed (LAI > 2), due to the neglect of soil evaporation in their model.
Our model treats T and E and their isotope compositions separately.
Under conditions of low LAI (< 2), the RMSE of our model is
28.8 W m−2 for latent heat ﬂux and 1.97‰ (2.92‰) for NSS (SSA) for

4.2. Factors controlling T/ET
Our S-W model results conﬁrm that T/ET is controlled by LAI at the
seasonal timescale (Hu et al., 2009; Good et al., 2014; Wang and
302

Agricultural and Forest Meteorology 252 (2018) 296–310

Z. Wei et al.

Yamanaka, 2014; Wei et al., 2015; Berkelhammer et al., 2016). The
day-to-day variations of T/ET for rice and corn are primarily controlled
by LAI through its regulation of canopy radiation interception and canopy resistance; this relationship can be described with power functions
(Fig. 6). For low LAI conditions (LAI ≤ 2.5), the T/ET ratio increases
rapidly with increasing LAI. At higher LAI values (LAI > 2.5), even
though LAI increases rapidly with time (Fig. 1), the ratio become less
sensitive to LAI increase (Figs. 5 and 6). The standard deviation of T/ET
for LAI ≤ 2.5 is 0.17, 0.18 for rice and corn, while for 2.5 < LAI < 6, it
decreases to 0.07, 0.04, 0.03 for rice, wheat and corn, respectively. This
suggests processes controlling T and E may be coupled in ways to
maintain a stable T/ET ratio. The low LAI sensitivity under high LAI
conditions is conﬁrmed by soil lysimeter and eddy covariance measurements in the wheat ecosystem (Fig. 6). Some of the day-to-day
variations in T/ET may have been inﬂuenced by weather ﬂuctuations
(Fig. 5), but the strong correlation between T/ET and LAI (R2 of 0.86 for
rice and 0.94 for corn) implies that the role of weather is minor in
comparison to that of vegetation density. It is noted that the values of
T/ET for wheat reported in Fig. 6 start at LAI > 2.4 due to lack of
observations before that.
A recent meta-analysis reveals that among the 6 major global vegetation types, the T/ET versus LAI relationship of agricultural crops
shows the largest spread (Wei et al., 2017). In an eﬀort to understand
the underlying causes of the spread, here we compare the monthly T/ET
predicted by the S-W model with the regression result based on the
global crop synthesis dataset of Wei et al. (2017) (Fig. 7). The T/ET
values for corn and rice are lower than the global mean, and those for
wheat and the Ameriﬂux sites follow closely the global trend line. All
the data are within the 95% conﬁdence bound of the global regression
result.
Soil moisture may exert some inﬂuence on T/ET. In the case of rice,
there was no soil moisture stress, meaning that soil moisture content
was set to 100% of the ﬁeld capacity. In the case of wheat, which has
the same photosynthetic mode (C3) as rice, daily soil moisture varied
between 0.20 and 0.34 (volume fraction), with an average of 0.27
during the growing season. The daily soil moisture for corn varied between 0.26 and 0.38 with an average of 0.31. The opposite order between T/ET (wheat > corn > rice) and soil moisture (wheat <
corn < rice) under the same LAI condition indicates increasing soil
moisture may reduce T/ET via increasing soil E. Other authors have
also emphasized the role of soil water content in controlling T/ET (Hu
et al. 2009; Liu et al., 2002). The water used for plant transpiration
comes from the whole root zone, while the soil evaporation is controlled by top-soil moisture. Taking the example of wheat, the main
depths of root water uptake are from 0 to 40 cm depths, while soil
evaporation is controlled by soil moisture at the depth less than 20 cm
(Zhang et al., 2011). Under dry conditions, although the moisture in the

Fig. 6. Relationships between T/ET and LAI. Lines represent best ﬁt regressions indicated.

Fig. 7. Monthly T/ET predicted by the S-W model as a function LAI. The solid line represents the trend of a global crop data with the 95% conﬁdence bound indicated by the
dashed lines. Error bars are ± 1 standard deviation of Monte Carlo ensemble members.
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model input variables (Table S2) do not seem large enough to explain
the biases between the two methods.
Recent isotope-based with multi-time scale synthetic studies of
grass, crop and shrubland ecosystems have shown that T generally
contributes more than 70% to the ET, which is about 20% higher than
non-isotope based studies (Sutanto et al., 2014). A number of possible
explanations for the discrepancy have been oﬀered (Schlesinger and
Jasechko, 2014; Sutanto et al., 2014), including 1) measurement errors
among diﬀerent techniques, 2) violation of the assumptions underlying
in the methods in ﬁeld conditions (such as those involved in the Keeling
plot method in isotope-based studies), 3) diﬀerent footprints between
these approaches and the measured variables and 4) heterogeneity of
ﬁeld conditions. In the following we discuss some of these possibilities
in the context of the methologies and measurements deployed in this
study.
4.4. Mismatch in spatial and temporal scales
Fig. 8. Relationship between site mean T/ET and topsoil (0–20 cm depth) moisture
content (volume fraction; a) and canopy resistance (b). Lines are linear regression with
regression statistics noted. The data point for rice is excluded from the regression in
panel (b).

The model simulations rely on atmospheric measurements whose
footprints are on the order of several hectares. In comparison, the isotope end members δE and δT were determined with spot measurements
of isotopic compositions of individual soil/water and plant samples. To
minimize the error caused by this mismatch in footprint, spatial replicates were used to obtain the mean δE and δT values. In the rice
experiment, the isotopic composition of surface water was the mean
value of 16 spatial replicates spread out over an area of roughly 500 m
radius in the eddy ﬂux footprint, with a standard deviation of about 5‰
in early June with low LAI and about 1‰ in August with high LAI. At
the Luancheng site, the isotopic compositions of stem water and soil
water were means of four spatial replicates in the dominant ﬂux footprint and about 20 m apart from each other, with typical standard deviations of 0.2 and 0.1‰, respectively. A Monte Carlo analysis reveals
that the resulting uncertainty in the seasonal mean T/ET from the
isotope method (one standard deviation of 1000 ensemble members) is
0.73 ± 0.05 for rice, 0.92 ± 0.01 for wheat and 0.82 ± 0.01for corn.
Footprint mismatch can introduce random errors to T/ET but does not
seem to be the cause of systematic diﬀerence between the isotope
method and the model.
Some of the discrepancy may also result from a mismatch in temporal scale. The isotope-based method is usually applied under high
latent heat ﬂux conditions in midday hours (Wang et al., 2013), and
does not account for the evaporation that occurs at night, thus having
the potential to result in an overestimation of T/ET. However, according to the S-W model calculations, the diﬀerence in T/ET between
the midday (11:00–15:00 local time) and the daily time scale is not
large, with an average of about 0.02 (Fig. 5).

root zone can meet the requirement for transpiration, soil evaporation
may encounter a large surface resistance in the top soil layer, thus
having the tendency to reduce E and increase T/ET. This is generally
consistent with the concept proposed by Maxwell and Condon (2016),
who suggests subsurface water plays a substantial role in the partitioning of evapotranspiration, and is also in agreement with the model
sensitivity of wheat T/ET to soil moisture (Supplementary Table S2).
The moisture content θs in the top soil layer (0–20 cm depth) can
explain some of the variations of the site-mean T/ET among the 10 sites
(Fig. 8a). Here the mean T/ET was calculated for the period with LAI
greater than 2 to minimize the eﬀect of LAI since the model results
show that T/ET becomes insensitive to LAI beyond this threshold value
(Figs. 6 and 7). It is noted that use of the soil moisture at this depth here
is for convenience because of data availability, but it does not imply
that T/ET is controlled only by soil moisture in this soil layer. However,
soil moisture cannot fully explain why T/ET at the Luancheng corn site
(0.73) is much lower than the mean T/ET at the Ameriﬂux corn sites
(US-NE1, US-NE2 and US-NE3, 0.86). The soil moisture at Luancheng
corn is about 0.1 m3 m−3 (or a relative amount of 25%) lower than that
at the Ameriﬂux corn sites. According to the moisture sensitivity analysis for corn (Supplementary Table S1), a reduction of soil moisture by
25% can only increase T/ET by about 0.02. On the other hand, the T/ET
spread among the dryland crops is much better explained if the canopy
resistance is used as an independent variable, but the ﬂooded rice is
now an outlier (Fig. 8b). Although no independent measurement is
available to evaluate the S-W modeled canopy resistance, these results
suggest that future studies on cropland T/ET should pay attention to
plant stomatal behaviors in addition to soil moisture control. Fig. 8b
also suggests that crops with saturated soil moisture, such as ﬂooded
rice, should be analyzed separately from dryland crops.

4.5. Errors in isotope end members
Errors inherent in the determination of δE, δT, and δET should be
considered. Under the SSA, the measurement uncertainty in the xylem
isotopic composition (and hence δT) is about 0.1–0.2 ‰. The resulting
uncertainty in the full growing season T/ET is about ± 0.005 for corn
and wheat. The diﬀerence in δT between the NSS and SSA calculations
(NSS value minus SSA value) is on average 0.5‰ for rice, 0.1‰ for
wheat and 0.3‰ for corn during the midday periods (11:00–15:00),
and the resulting diﬀerence in T/ET is −0.03, −0.003 and −0.01 for
rice, wheat and corn, respectively between the two calculations (NSS
value minus SSA), suggesting that uncertainties δT associated with
measurement errors or non-steady state isotopic behaviors is not a large
source of bias error.
At the rice site, δET was determined by the Keeling plot method. The
Keeling plot assumes that the vapor isotopic ratio at our site is a mixture
of contributions of water vapor from the free atmosphere and from local
evapotranspiration and that within each hourly observation period, the
isotopic compositions of both vapor sources are constant. With these

4.3. Discrepancy between isotope and non-isotope approaches
Our results demonstrate appreciable diﬀerences between the isotope
and the two non-isotope ﬂux partitioning approaches. Both the isotope
and the S-W model show a nonlinear dependence of T/ET on LAI for
rice and corn, but the isotope results give a higher proportion of transpiration for all the three ecosystems under the same LAI (Fig. 6).
Discrepancies of this kind have also been reported by Berkelhammer
et al. (2016), Schlesinger and Jasechko (2014), and Sutanto et al.
(2014). These methodological diﬀerences can be largely explained by
several sources of uncertainties related to the eddy covariance and
stable isotope measurements and the S-W model. Uncertainties in the
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compared to the values measured in the top 1 cm of the soil (Rothfuss
et al., 2013). Dubbert et al. (2013) also found a strong increase in δ at
the top of the soil proﬁle with the most enriched δ values at the 0–5 cm
soil depth. It is possible that the δ value measured at the 5 cm depth was
an underestimate of the δ value of water at the soil evaporation front at
the Luancheng site. To match the seasonal mean T/ET ratio produced
by the S-W model, a 7.9‰ and 13.0‰ enrichment of soil δ above the δ
value observed at the 5 cm depth is required for wheat and corn, respectively, under the SSA. Alternatively, this extra enrichment leads to
the hypothesis that evaporative enrichment is conﬁned to a thin ﬁlm of
water surrounding soil particles whose isotopic composition is much
higher than the measured value of the bulk soil water. In this regard,
the process would be similar to that involved in evaporation in the plant
leaf where the water undergoing evaporation is much more enriched
than the bulk leaf water.

assumptions, the isotopic signature of evapotranspiration can be calculated as the y-intercept of a linear regression of the vapor delta value
versus the inverse of the water vapor mixing ratio (Keeling, 1958).
Although the Keeling plot approach is robust when applied to high
temporal resolution data (Good et al., 2012), the assumptions underlying this method may not have been met perfectly in ﬁeld conditions
(Wei et al., 2015). Using the 1-Hz vapor isotopic data obtained by Wen
et al. (2016) for an irrigated corn crop in western China, we compared
the δET derived from the Keeling plot approach with the δET measured
by the ﬂux-gradient method. The ﬂux-gradient method does not invoke
the assumptions involved in the Keeling plot analysis, so it is likely
more accurate. We found that during the midday periods, the two
methods are highly correlated, but the Keeling method is biased low by
2.2‰ when compared with the ﬂux gradient method (Supplementary
Fig. S3). Assuming the same bias for the Mase site, the growing season
mean T/ET would decrease from 0.74 to 0.65, bringing the isotope
estimate to a closer agreement with the result produced by the S-W
model (0.50).
A laboratory test shows that the δET derived from the ﬂux-gradient
measurement using the type of analyzer deployed at Luancheng has a
random error of 0.30‰ (Wen et al., 2012) and a systematic low bias of
0.33‰ (Lee et al., 2007). According to Huang and Wen (2014), the
random error increases signiﬁcantly under ﬁeld conditions, to an
average of 4.6‰ for an oasis crop ecosystem, while Hu et al. (2014)
found that the random error is about 7.9‰ for a temperate grassland
under low evapotranspiration conditions. A random error of 4.6‰ in
δET would result in a relative uncertainty of 43%, 31%, 32% for T/ET
for the rice paddy, wheat and corn, respectively. Such an error range
would be a problem for understanding day-to-day ﬂuctuations but
should not cause a systematic bias in the seasonal mean T/ET. The
relative bias error in T/ET arising from a low bias error of 0.3‰ in δET
is less than 2%.
With regard to δE, potential errors can result from 1) kinetic fractionation parameterization (Dubbert et al., 2013), 2) temporal interpolation of substrate δ (Rothfuss et al., 2013), and 3) evaporation
water source in the case of the dryland systems (Dubbert et al., 2013;
Werner and Dubbert, 2016). Until now, there is still no agreement on
the estimation of the kinetic fractionation factor εk in the C-G model.
At the Mase site, the εk value (21‰) comes from a chamber evaporation experiment (Kim and Lee, 2011). The same experiment also
reveals that the interfacial surface water undergoing evaporation is
isotopically 7.5–8.9‰ more enriched than the bulk water below the
surface. If an 8.9‰ interfacial enrichment was assumed for the water
in the rice ﬁeld, the T/ET for the full rice season would decrease from
0.74 to 0.65 and would improve the comparison with the S-W model
(T/ET = 0.50). Alternatively, if we assume that δET is biased low by
2.2‰ and all other errors occur in εk, reducing the seasonal mean T/ET
to 0.50 will require a value of 43‰ for εk associated with the evaporation of the standing water in the paddy ﬁeld, which exceeds the
molecular limit of 32‰ and is therefore unacceptable. It appears that
at the high T/ET bias of the isotopic method at the Mase site is a result
of biases in δET and surﬁcial enrichment of the paddy water below the
canopy.
In the case of wheat and corn, it is diﬃcult to determine which soil
layer δ should be used for the isotopic composition of soil water undergoing evaporation, and yet this variable is a critical C-G model
input. Currently, δE was calculated with the soil water δ measured at
the 5 cm depth. Hu et al. (2014) showed that in a grass ﬁeld, the difference of midday δ between 5 cm and 15 cm depths is relatively small
(2.8‰) on days with high soil water content, but become larger (7.7‰)
on days with low soil moisture. At the Luancheng site, the vertical
variations in the soil water delta value are 1.75‰ on average among
the 5 cm, 15 cm and 25 cm soil depths. A model simulation suggests that
the depth with the most enriched isotopic signal is found at the soil
evaporation front (Mathieu and Bariac,1996). A theoretical estimate of
δ at the soil evaporation front is about 1–6‰ more enriched as

4.6. Errors in eddy covariance ﬂux
The discrepancy between the isotope and the non-isotope approach
(eddy covariance and lysimeter combination) cannot be fully explained by the isotopic measurements errors. Based on the principle of
energy budget conservation, the evapotranspiration measured by the
eddy covariance instrument had a bias error of about 3%, 16% and
22% for wheat, corn and rice, respectively, if we assumed the available
energy and the Bowen ratio were accurately measured. This underestimation introduced some uncertainty for ET partitioning using the
eddy covariance –lysimeter combination. In this combination approach, the T ﬂux was computed as the diﬀerence between the ET ﬂux
observed with eddy covariance and E ﬂux observed with the lysimeters. If we used the observed ET before adjustment for energy balance, the seasonal T/ET was 0.87 for wheat (Table 3). If we adjusted
the eddy-covariance ET by forcing energy balance closure, the seasonal T/ET of wheat would increase slightly to 0.88, which is closer to
that derived from isotope approach. The energy balance adjustment
would have a larger eﬀect for rice and corn had there been lysimeter
measurements during these crop seasons. This point can be demonstrated by a hypothetical analysis. If we assume that the modeled E is
an accurate representation of evaporation, we can compute T as the
diﬀerence between the observed ET and the modeled E. The seasonal
T/ET is 0.34, 0.83 and 0.59 for rice, wheat and corn, respectively,
before energy balance adjustment, and increases to 0.49, 0.84 and
0.64 for rice, wheat and corn, respectively, if the observed ET is adjusted using the Bowen ratio method.
4.7. Errors in the S-W model
The S-W model was calibrated against the ET measured with eddy
covariance and adjusted for energy balance, by tuning one parameter in
the canopy resistance parameterization (the vapor pressure deﬁcit
constant D0). This tuning ensured that the total water vapor ﬂux
(Figs. 3, S2 and S3) and the canopy resistance were unbiased. No tuning
was made to three other parameters that may aﬀect the ET partitioning,
namely the light extinction coeﬃcient used to divide the total net radiation into the canopy and the substrate components (Eq. A18) and the
two empirical coeﬃcients in the soil surface resistance parameterization (Eq. A11). The Monte Carlo analysis suggests that the error in T/ET
associated with uncertainties in these parameters is about 0.1 (one
standard deviation of 1000 ensemble members) for wheat and corn and
is negligible for rice (Fig. 7). In other words, the isotopic T/ET for
wheat is within the error range of the model, but those for corn and rice
are not.
The model error for rice can be omitted because the surface resistance parameterization was avoided due to the saturation condition.
The result supports the above conclusion, that the high T/ET bias of the
isotopic method at the Mase site is most likely the result of biases in δET
and surﬁcial enrichment of the paddy water below the canopy.
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5. Conclusions

benchmarking the isotope method. The two-source model calculations
made for 7 Ameriﬂux crop sites reveal that this relationship is sensitive
to site soil moisture availability and canopy resistance.
The current two-source model is an improvement over previous
two-source models, most of which are based on the Jarvis-Stewart
stomatal empirical parameters. Our model is parameterized according
to plant physiological constraints and directly links the terrestrial water
ﬂux with the carbon ﬂux. The fact that only one parameter requires
tuning makes our model more versatile than some other models. The
model code is available at the open-source platform https://github.
com/zhongwangwei/SiLSM_v3.

The two-source model presented in this study shows good agreements with observed isotope composition in the bulk leaf water and
with the ET ﬂux. The agreement of transpiration fraction T/ET calculated by the two-source model (0.83) for the wheat growing season and
the T/ET based on soil lysimeter and eddy covariance measurements
(0.87), highlights the robustness of the two-source model for ET partitioning. On the other hand, the transpiration fraction T/ET estimated
by the isotope method is higher than that obtained with the two-source
model for all the three crops (rice, wheat and corn). A Monte Carlo
analysis shows that the diﬀerence between the two methods is larger
than the model uncertainty for rice and corn. One potential cause of the
higher T/ET for rice via the isotopic method is that the interfacial
surface water undergoing evaporation under the canopy may have been
much more enriched than the measured delta value of the bulk water.
The model-estimated T/ET varies from 0 to 1, with a near continuous increase over time in the early growing season when LAI was
less than 2.5 and then convergence towards a stable value beyond LAI
of 2.5. The seasonal change in T/ET is well described by a function of
LAI, implying that LAI was a ﬁrst-order factor aﬀecting ET partitioning.
The isotope-based results also reveal a dependence on LAI. The dependence of T/ET on LAI is a well-known relationship and is useful for
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Appendix A. The two-source evapotranspiration model
The evapotranspiration (ET) in the two-source model is partitioned into two components, canopy transpiration (T) and soil evaporation (E), as:
(A1)

ET = E + T = ωc PMc + ωs PMs
PMc =

PMs =

ΔA + (ρCp D − Δrac As ) (raa + rac )
Δ + γ [1 + rsc (raa + rac )]

(A2)

ΔA + (ρCp D − Δras (A − As )) (raa + ras )
Δ + γ [1 + rss (raa + ras )]

(A3)

ωc =

1
1 + R c Ra [Rs (R c + Ra )]

(A4)

ωs =

1
1 + Rs Ra [R c (Rs + Ra )]

(A5)

Rs = (Δ + γ ) ras + γrss

(A6)

R c = (Δ + γ ) rac + γrsc

(A7)

Ra = (Δ + γ ) raa

(A8)

where ω is a weighting factor, PM is the term similar to those in Penman–Monteith model, subscript s and c represent soil and canopy component,
respectively, Δ is the slope of the saturation vapor pressure versus temperature (kPa K−1). ρ is air density (kg m-3), CP is the speciﬁc heat of dry air at
constant pressure (J kg−1 K−1), γ is the psychrometric constant (kPa K−1), D is vapor pressure deﬁcit (kPa), rsc is canopy resistance (s m−1), rss is soil
surface resistance (s m−1), rac is canopy boundary layer resistance (s m−1), ras is soil boundary layer resistance between the soil surface and the
canopy layer (s m−1), and raa is aerodynamic resistance between the canopy source and a reference height (s m−1). The calculation procedure of the
rsc is given in Section S2. Additionally, A and As are the total available energy and available energy for the soil surface (W m−2),
(A9)

A = Rn − G

(A10)

As = Rns − G
The radiation reaching the soil surface is calculated using Beer’s law (e.g. Ross, 1981).

Rns = Rn exp(−kr LAI )

(A11)
−2

−2

where Rn and Rns are net radiation above the canopy and at the soil surface, respectively (W m ), and G is the soil heat ﬂux (W m ). The canopy
extinction coeﬃcient of net radiation (kr) is assumed as 0.6.
The aerodynamic resistances ras and raa are calculated by integrating the eddy diﬀusion coeﬃcients from the soil surface to the level of the
preferred sink of momentum in the canopy, and from there to the reference height (Shuttleworth and Gurney, 1990),

r aa =

1
z − d0 ⎞
hc ⎧
d + z0 ⎞⎤
ln ⎛ m
+
exp ⎡κm ⎛1 − 0
− 1⎫
⎢ ⎝
⎬
ku∗ ⎝ hc − d 0 ⎠
κm K h ⎨
hc ⎠ ⎥
⎣
⎦
⎩
⎭
⎜

⎟

⎜

⎟

(A12)
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r as =

hc exp(κm) ⎧
d + z0 ⎞⎤⎫
−κ z 0s
exp ⎛ m ⎞ − exp ⎡−κm ⎛ 0
⎢
κm K h ⎨
h
c
⎝
⎠
⎝ hc ⎠ ⎥
⎣
⎦⎬
⎩
⎭
⎜

⎟

⎜

⎟

(A13)

where k = 0.4 is the von Karman constant, zm is the reference height of measurement (m), u* is friction velocity (m s
the zero-plane displacement (m), z0 is the roughness lengths governing the transfer of momentum (m)

z + 0.3hc X1 2 0< X < 0.2
z 0 = ⎧ 0s
⎨
0.3
⎩ hc (1 − d 0 hc )0.2 < X < 1.5

−1

), d 0 = 1.1hc ln (1 + X1 4 ) is

(A14)

z0s is the eﬀective roughness length of the soil substrate (m), X = Cd LAI , Cd is the drag coeﬃcient, hc is vegetation high (m), κm = 2.5 is the
extinction coeﬃcient of the eddy diﬀusion (Brutsaert, 1982) and Kh is the eddy diﬀusion coeﬃcient at the top of the canopy

Kh = ku∗ (hc − d 0)

(A15)
−1

The canopy boundary layer resistance rac (s m

r ac

) is calculated as

r
= b
2LAI

rb =

(A16)

100 dl
κ
( ) [1 − exp(− m )]
κm uh
2

(A17)

where rb is the mean boundary layer resistance, determined from the wind speed at the top of canopy (uh), and the characteristic leaf dimension.
The soil surface resistance, rss (s m−1), is the resistance to water vapor movement from the interior to the surface of the soil, and is calculated
using soil water content θs (m3 m−3):

rss = exp (8.206 − 4.225 × θs )

(A18)

(Sellers et al., 1992).
Appendix B. The canopy resistance in the two-source model
The canopy resistance rsc is solved from a plant physiological approach at the leaf scale and up-scaled to the canopy scale by an analytic
formulation (Ronda et al., 2001). At the leaf scale, the CO2 stomatal conductance is described by a photosynthesis-stomatal conductance model as

glc = gmin, c +

a1 Ag

(

(Cl − Γ ) 1 +

Ds
D0

)

(B1)

where Ag is the gross assimilation rate, gmin,c is the cuticular conductance, Cl is the CO2 concentration at the leaf surface, Ds is the vapor pressure
deﬁcit at plant level, a1 is an empirical parameter equal to 9.1 for C3 and 6.6 for C4 plants, and D0 is a tunable empirical parameter. Here, Ag is
computed as a function of canopy temperature (Tc), photosynthetically active radiation (PAR) and the intercellular CO2 concentration (Ci).

Ag = (Am + Rd ){1 − e−[αPAR

(Am + Rd )] }

(B2)

The primary productivity Am is given by

Am = Am,max {1 − e−[gm (Ci− Γ )

Am,max ] }

(B3)

and the dark respiration Rd is calculated as
(B4)

Rd = 0.11Am

where α is the light use eﬃciency, Am,max is the maximal primary productivity under high light and high CO2 concentrations, gm is the mesophyll
conductance for CO2, Γ is the CO2 compensation point, which are functions of the canopy temperature. The detailed schemes for gm, Ci and Am,max
for C3 and C4 plants are given by Ronda et al. (2001). The canopy temperature Tc was solved from the transpiration ﬂux predicted by the S-W model.
The eﬀect of water stress on net photosynthesis and canopy conductance is accounted for by applying a soil-moisture dependent function to Ag:

Ag = Ag* f5 (θ)
where

Ag*

(B5)

is the unstressed rate, and f5 is given as

f5 (θ) = 2β (θ) − β 2 (θ)

(B6)

θ − WP ⎞ ⎤
β (θ) = max ⎡0, min ⎛1,
⎢
⎝ FC − WP ⎠ ⎥
⎣
⎦

(B7)

where FC and WP are the soil moisture content at ﬁeld capacity and at permanent wilting point, respectively (Xiao et al., 2010). The function β
ranges from 1 (plants without water stress, such as rice under ﬂooded condition) to 0 (at wilting point).
The method to scale glc to canopy scale conductance gcc was presented in Ronda et al. (2001). Finally, because water vapor and carbon dioxide are
exchanged by the same stomata but at diﬀerent rates of diﬀusion, the canopy resistance rsc is determined as 1/(1.6gcc ) .
Appendix C. Modeling isotopic compositions of evaporation and transpiration
Appendix C.1 Isotope composition of soil / substrate evaporation
The isotope composition of soil / substrate evaporation is calculated with the Craig-Gardon model,
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δE =

α eq δL − h*δa − εeq − (1 − h*) εk
1 − h* + (1 − h*) εk 1000

(C1)

where δE is the isotopic composition of substrate evaporation (soil at Luancheng and standing water at Mase), δa is the isotopic ratio of vapor
measured at the reference height, h* is relative humidity expressed as a fraction in reference to the temperature of the sustrate and εk is the isotopic
kinetic fractionation associated with substrate evaporation, α eq is the temperature-dependent equilibrium fractionation factor from liquid to vapor
and is calculated as a function of the substrate temperature, and εeq = 1-α eq . Diﬀerent εk values were applied to the two sites to account for the fact
that substrate evaporation originated from two diﬀerent media (soil in Luangcheng and standing water in Mase). A constant εk value of 21 based on
the chamber evaporation study of Kim and Lee (2011) was used for Mase (standing water) and the parameterization of Wen et al. (2012) for
Luancheng (soil).
(C2) Isotopic compositions of leaf water and canopy transpiration
Under the steady-state assumption (SSA), the water leaving the leaf has the same isotope composition as the xylem water, so we have
(C2)

δT = δx
where δx is the isotopic ratio of xylem water, and δT is the isotopic ratio of transpiration.
The isotope composition of the leaf water undergoing phase change is calculated by inverting the Craig-Gordon model, as

δL, es = δx + εeq + εk + h* (δa − εk − δx )

(C3)

where δL, es is the δ of leaf water at the evaporating site in the leaves, h* is relative humidity expressed as a fraction in reference to the canopy
temperature, and εk is the canopy kinetic fractionation factor (Lee et al., 2009),

εk =

21rc + 19rb
ra + rb + rc

(C4)

where ra, rb and rc are the aerodynamic, the boundary layer and the canopy resistance, respectively. The isotopic composition of the bulk leaf water
δL, bs under SSA is assumed as a weighted mean of the enriched part around the evaporation site and isotope composition of the xylem water (Roden
and Ehleringer, 1999)

δL, bs = fδL, es + (1 − f ) δx

(C5)

where f = 0.8 is the proportion of water associated with the evaporation site to the total leaf water.
In non-steady state conditions, δT can deviate fromδx . By considering temporal changes in the water content and the Péclet eﬀect, Farquhar and
Cernusak (2005) propose the following expressions

δL, b = δL, bs −

αk α eq rt 1 − e−P d (W × (δL, b − δx ))
wi
P
dt

(C6)

δL, e = δL, es −

αk α eq rt 1 − e−P d (W × (δL, e − δx ))
wi
P
dt

(C7)

−2

where W is leaf water content (g m ), wi is the mole fraction of water vapor in the intercellular space, P is Péclet number (dimensionless), rt is total
resistance to the diﬀusion of water vapor, and αk = 1 + εk /1000 is the fractionation factor for diﬀusion. The δ of transpiration under NSS is given by

δT = δx +

δL, e − δL, es
αk α eq (1 − h*)

(C8)

Eqs. (C6) and (C7) were solved iteratively by ﬁnding a zero diﬀerence between the left- and right-hand sides of each equation (Xiao et al., 2010).
Appendix D. Supplementary data
Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.agrformet.2018.01.019.
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