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2. Theoretical derivations were provided for the new method. 21 
3. Linear regression showed strong agreement between the new method and the traditional 22 
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4. The new method eliminates high sensitivity contribution parameter δET, and avoids the 24 

extrapolation of Keeling plot. 25 
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 2 

Abstract 28 

To better quantify water and energy cycles, numerous efforts to partition evapotranspiration (ET) 29 

into evaporation (E) and transpiration (T) have been made over the recent half century. Various methods 30 

such as direct measurements, analytical models and satellite-based estimations have been used to separate 31 

ET across the field scale to the global scale. One of the analytical methods, isotopic approach, has been 32 

often applied in terrestrial ecosystem ET partitioning. The isotopic composition of ET (δET) is a crucial 33 

parameter in the traditional isotope-based ET partition model, which however has considerable uncertainty. 34 

Here we proposed a new method relying on Keeling plot slope (k), and relying on the direct measurements 35 

of atmospheric vapor concentration (Cv) and isotopic composition of atmospheric vapor (δv), to avoid the 36 

direct use of δET. Mathematical derivation of the new method was provided, and field observations were 37 

used to evaluate the new method. The T/ET results based on the new method agreed well with those using 38 

the traditional isotopic method. The new method eliminates the high sensitivity contribution parameter δET. 39 

In addition, the new method utilized directly measured values and regressive slope of Keeling plot instead 40 

of using the interpolated Keeling plot intercept. Our study shows an analytical framework to estimate T/ET 41 

based on the Keeling plot slope and direct-measured parameters. The new method potentially reduces the 42 

uncertainty of isotope-based ET partition approach. 43 
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1. Introduction 54 

Evapotranspiration (ET) links water, energy, and carbon cycles on land surface (Jung et al., 2010), 55 

consisting of evaporation (E) from soil (Sprenger et al., 2016) and open water (Gat et al., 1994), and 56 

transpiration (T) from plants (Wang et al., 2012a; Wang et al., 2014). The processes and biological controls 57 

of E and T are largely different: T is associated with physiological and biochemical reaction during plant 58 

carbon sequestration, while E does not directly attribute to gross primary production and it is not directly 59 

affected by biological processes (Scott et al., 2006; Wang et al., 2018; De Deurwaerder et al., 2020). Thus, 60 

accurate quantification of T fraction in total ET is of great importance to understand water use efficiency 61 

(WUE) from the canopy to the ecosystem scales (Zhou et al., 2014; Zhou et al., 2016). Besides, 62 

implementing ET partition improves the comprehending of ecohydrological process, therefore benefits our 63 

ability to quantify biological feedbacks on the hydrologic cycle (Newman et al., 2006). Moreover, ET and 64 

its components have been used to interpret the vegetation control on ET (Wang et al., 2014) and surface 65 

soil moisture control on ET (Cui et al., 2020), as well as to identify some inaccurate estimation of vegetation 66 

and soil parameters in global climate model (GCM) (Lawrence et al., 2007; Peñuelas and Filella, 2009). 67 

Therefore, ET partition is an important research topic in ecohydrological studies. 68 

The attempt to separation E and T began at least in the 1970s (Ritchie, 1972), which initially rely on 69 

direct measurements using micro-lysimeter measurements for E (Walker, 1984) and sap flow measurements 70 

for T (Swanson and Whitfield, 1981). After Shuttleworth and Wallace (1985) first published ET partition 71 

model, numerous analytical models including energy and water balance (ENWATBAL) model (Lascano et 72 

al., 1987), soil water energy and transpiration (SWEAT) model (Daamen and Simmonds, 1996), two-source 73 

energy balance (TSEB) model (Norman et al., 1995), FAO dual-Kc model (Allen et al., 1998) and isotope 74 

model (Yepez et al., 2003) were developed to determine FT at plot or field scales. Meanwhile, satellite-75 

based estimations made it possible to determine FT at regional or global scale (Wei et al., 2017; Martens et 76 

al., 2017). 77 

Hydrogen and oxygen isotopes are natural components of the hydrological cycle. E and T result in 78 
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different isotopic compositions due to the different isotopic fractionation process (Yepez et al., 2003). Using 79 

the isotopic compositions of various ET components, the isotopic approach to estimate FT has been widely 80 

used in woodlands (Sun et al., 2014), grasslands (Cui et al., 2020), croplands (Wen et al., 2016; Lu et al., 81 

2017), and drylands (Sun et al., 2019) ecosystems. Using the isotopic composition of E (δE), T (δT), and ET 82 

(δET), FT can be calculated theoretically based on mass balance (Yakir and Wang, 1996; Yakir and Sternberg, 83 

2000). However, previous studies suggested δE, δT and δET estimates are subject to large errors (Xiao et al., 84 

2018), resulting in either over (Sutanto et al., 2012) or under (Wu et al., 2017) FT estimations compared 85 

with direct measurements and other analytical models. According to model sensitivity analysis, the errors 86 

of δET attributed the most to the potential errors in FT (Cui et al., 2020). As a result, accurate quantification 87 

of δET is most crucial to obtain accurate FT estimate using the isotopic approach. 88 

Generally, δET is estimated by Keeling plot method (Keeling, 1958; Yakir and Sternberg, 2000), flux-89 

gradient method (Lee et al., 2007) and eddy covariance isotopic flux method (Griffis et al., 2008; Griffis et 90 

al., 2010). However, disadvantages remain for all these three methods. Variation in the isotopic composition 91 

of atmosphere vapor (δv) may be influenced by air masses advection rather than by ET (Lee et al., 2006), 92 

which lead to less reliable δET estimates using Keeling plot method over a long time period (Good et al., 93 

2012). The representativeness of two heights in flux-gradient method is questionable (Good et al., 2012), 94 

as the eddy diffusivity parameter may not be constant at the bottom of the boundary layer where vegetation 95 

interacts with turbulent airflow, leading to variable vertical meteorological conditions (Monin and Obukhov, 96 

1954). Eddy covariance isotopic flux method may induce many uncertainties when estimating the 97 

covariance between isotopic ratios and vertical wind speed, as the information lost in the measured factors 98 

(Good et al., 2012). In some case, the δET may be underestimated by more than 20‰ for hydrogen, no matter 99 

which method to be adopted (Good et al., 2012; Cui et al., 2020). Inevitably, reducing the uncertainty of 100 

δET estimate is critically needed.  101 

In this paper, we proposed a new method to estimate FT using a modified isotopic approach without 102 

the need of δET parameter. This new method relies on the identical instrumental setting for the classical 103 

Keeling plot investigations. A detailed derivation of the new method was provided, and the new method 104 
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was evaluated by comparing the new method with traditional method using field observations. To further 105 

assess the new method, a global sensitivity analysis was also conducted for model parameter evaluation.  106 

 107 

2. Materials and Methods 108 

2.1 Isotope-based ET partition methods 109 

2.1.1 Traditional method 110 

Traditionally, by measuring δE, δT and δET, applying a two-source mixing model, FT based on δET 111 

(FT(δET) method) can be determined as 112 

𝐹"(𝛿%") =
𝑇
𝐸𝑇

=
𝛿%" − 𝛿%
𝛿" − 𝛿%

									,																																																																																																																														(1) 113 

The relationships of δE and δT were demonstrated by an imaginary graph in Fig. 1, which was first proposed 114 

by Moreira et al. (1997). Line 1 is idealized Keeling plot line resulting from absolute evaporation, and line 115 

2 is that of absolute transpiration. The dashed area between line1 and line 2 typifies all feasible Keeling 116 

plot lines mixed with E and T (i.e., ET). The intersection point of line 1 and line 2 indicated the source of 117 

ambient vapor. In other words, the y-axis of the intersection point stands for the isotopic composition of 118 

ambient vapor (δa), and the x-axis of the intersection point stands for the inverse of ambient water vapor 119 

concentration (1/Ca). 120 

The Keeling plot method is often applied to simulate δET (Keeling, 1958; Yakir and Sternberg, 2000). 121 

Measured values and simulated values can be connected using an isotopic two-source mixture equation: 122 

𝛿. =
𝐶0(𝛿0 − 𝛿%")

𝐶.
+ 𝛿%"		,																																																																																																																																							(2) 123 

where Ca and Cv are the corresponding concentrations of ambient water vapor and directly measured 124 

atmospheric water vapor (i.e., the mixture of ambient water vapor and ET). For a given time, with multiple 125 

measurements of Cvi and δvi (the single measurement of the vapor concentration and isotopic composition 126 

of water vapor, respectively) collected at various heights during one observation period, the intercept δET 127 

for this moment from ordinary least squares (OLS) of 1/Cvi and δvi is able to be estimated (Zhang et al., 128 

https://doi.org/10.5194/hess-2020-519
Preprint. Discussion started: 20 October 2020
c© Author(s) 2020. CC BY 4.0 License.



 6 

2011). Therefore, during one observation period, 𝛿. =
3
4
∑ 𝛿.6
4
783  and 3

9:
= 3

4
∑ 3

9:6

4
783 , where m is the 129 

number of the single measurements (δvi, 1/ Cvi) used in Keeling plot relationship. The slope (k) of the linear 130 

Keeling plot is defined as k=Ca(δa - δET). 131 

δE is often calculated using the Craig–Gordon model (Craig and Gordon, 1965), which considering 132 

both equilibrium fractionation and kinetic fractionation, and considering the diffusion of water vapor from 133 

soil surface to the mixed boundary layer: 134 

𝛿% =
𝛿;
𝛼 − ℎ𝛿. − 𝜀∗ − (1 − ℎ)𝜀@
(1 − ℎ) + (1 − ℎ) 𝜀A

1000
			,																																																																																																																								(3) 135 

where h is relative humidity, δs is the isotopic composition of soil liquid water at the evaporating front (0–136 

5 cm), ε* and α are both the equilibrium fractionation factor from liquid water to vapor, which connected 137 

by the equation ε*=1000(1-1/α). α is estimated by Eq. (4) with soil temperature (T) (Majoube, 1971). The 138 

kinetic fractionation factor (εk) is specified by Eq. (5) (Gat, 1996; Wei et al., 2015). 139 

𝛼(3D𝑂) =
1

1000
F1.137 ×

10J

𝑇K − 0.4156 × 10O
𝑇 − 2.0667

P+ 1				,																																																					(4) 140 

𝜀@ = 𝑛 R1 −
𝐷7
𝐷 T × 10

O					,																																																																																																																									(5) 141 

where n is isotopic enrichment factor of liquid water during evaporation with a value between 0.5 and 1 142 

(Allison et al., 1985; Gat, 1996). We used a value of 0.67 for the farmland here, similar to what was used 143 

in Wei et al. (2015). Di/D is the ratio of 1H2
18O molecular diffusion coefficients ratio of water vapor in dry 144 

air, with a value of 0.9691 for 18O (Cappa et al., 2003). 145 

δT can also be estimated by chamber method based on Keeling plots (Wang et al., 2010). Following 146 

the basic gas exchange principle (Von Caemmerer and Farquhar, 1981; Song et al., 2015a), the chamber 147 

method was further developed to measured δT directly as follows (Wang et al., 2012b): 148 

𝛿" =
𝐶4𝛿4 − 𝐶.𝛿.
𝐶4 − 𝐶.

					,																																																																																																																																															(6) 149 
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where Cm and δm was the concentration and isotopic composition of the mixed vapor, respectively,  which 150 

is consisted of the vapor from ET and from the ambient atmosphere. 151 

2.1.2 New ET partition method 152 

In this study, we focus on the relationship between k and FT. A simplified triangle graph was made 153 

(Fig. 2) according to Fig. 1. (1/Cx, δx) is a random point on the Keeling plot. x, y and z represent the length 154 

of the line segment (δT - δET), the line segment (δET - δE) and the line segment (δET – δx), respectively, and 155 

α, β and γ represent the intersectional angle of the line segment (δT - δET) and the line segment (δT – δx), the 156 

line segment (δET -δE) and the line segment (δE – δx) and the line segment (δET -δE) and the line segment 157 

(δET – δx), respectively. Based on the law of sines, we have: 158 

sin(𝛾 − 𝛼)
𝑥

=
sin𝛼
𝑧

				,																																																																																																																																																	(7) 159 

sin(𝜋 − 𝛾 − 𝛽)
𝑦

=
sin𝛽
𝑧

			.																																																																																																																																										(8) 160 

When combining Eq (7) and Eq (8), we will come up: 161 

𝑥
𝑦
=
sin(𝛾 − 𝛼) sin𝛽
sin(𝛾 + 𝛽) sin𝛼

			.																																																																																																																																															(9) 162 

Equation (9) can be transformed as: 163 

𝑥
𝑦
=
sin𝛽 cos𝛼 sin 𝛾 − sin𝛽 sin𝛼 cos 𝛾
sin𝛼 sin𝛽 cos 𝛾 + sin𝛼 cos 𝛽 sin 𝛾

 164 

				=
− sin𝛼 sin𝛽 cot 𝛾 − sin𝛼 cos𝛽 + sin𝛼 cos 𝛽 + sin𝛽 cos 𝛼

sin𝛼 sin𝛽 cot 𝛾 + sin𝛼 cos 𝛽
 165 

				=
sin(𝛼 + 𝛽)
sin𝛼

1
sin𝛽 cot 𝛾 + cos 𝛽

− 1		,																																																																																																											(10) 166 

As k is the tangent value of the angle of Keeling plot line and x-axis positive direction, it is the minus 167 

tangent value of the angle of Keeling plot line and x-axis negative direction according to supplementary 168 

angles’ property. As the angle of Keeling plot line and x-axis negative direction and angle γ  are 169 

complementary angles, we have the relationship that k = - cot γ. When combining Eq (1) and Eq (10), we 170 

will get: 171 
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𝐹" =
𝛿%" − 𝛿%
𝛿" − 𝛿%

=
𝑦

𝑥 + 𝑦
=

1

1 + 𝑥𝑦
= −

sin𝛼 sin𝛽
sin(𝛼 + 𝛽)

𝑘 +
sin𝛼 cos 𝛽
sin(𝛼 + 𝛽)

			,																																																										(11) 172 

where 173 

sin 𝛼 sin𝛽
sin(𝛼 + 𝛽)

=
1

sin𝛼 cos 𝛽 + cos 𝛼 sin𝛽
sin𝛼 sin𝛽

=
1

cot 𝛼+cot 𝛽
=

1
𝐶d(𝛿" − 𝛿%)

			,																																																(12) 174 

sin𝛼 cos 𝛽
sin(𝛼 + 𝛽)

=
sin𝛼 cos 𝛽

sin𝛼 cos𝛽 + sin𝛽 cos 𝛼
=

1

1 + tan𝛽tan𝛼
=
𝛿d − 𝛿%
𝛿" − 𝛿%

			,																																																														(13) 175 

As a result, FT is able to be formed theoretically as 176 

𝐹"(𝛿d) = −
1

𝐶d(𝛿" − 𝛿%)
𝑘 +

𝛿d − 𝛿%
𝛿" − 𝛿%

							,																																																																																																									(14) 177 

Because Keeling plot is based on the OLS using all the individual data points (1/Cvi, δvi), the 178 

regression line passes through the mean values of the 1/Cvi (1/Cv) and δvi (δv) based on the properties of the 179 

OLS line (Hogg et al., 2005). That is to say the mean values of (1/Cv, δv) during any observation period 180 

must locate on the Keeling plot line. As such, Eq. (14) can be expressed as the following form ((FT(δv) 181 

method) during any observation period: 182 

𝐹"(𝛿.) = −
1

𝐶.(𝛿" − 𝛿%)
𝑘 +

𝛿. − 𝛿%
𝛿" − 𝛿%

			.																																																																																																													(15) 183 

2.2 Field Evaluation 184 

2.2.1 Experimental Site 185 

Field Evaluation was conducted in Shiyanghe Experimental Station of China Agricultural University. 186 

It is located in Wuwei, Gansu Province, northwestern China (37°85′20″N, 102°85′10″E; altitude 1581m). 187 

The new method was tested in a maize field. The average yearly sunshine duration is more than 3,000 hours, 188 

and long-term average yearly temperature is around 8 ℃. The region is suffered from water shortage. The 189 

groundwater table is more than 30m below the surface. The average yearly evaporation of 2,000 mm (from 190 

free water surfaces) against with average yearly precipitation of 164 mm perennially. The soil texture in the 191 

experimental site is loamy and sandy loam, with the field capacity of about 0.28 cm3 cm-3. 192 
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2.2.2 Field Experiment 193 

Maize was sowed with row length of 40 cm and column width of 26 cm on 20 April in both 2017 194 

and 2018, and harvested on 15 September in both 2017 and 2018. The total area was about 39 hectare, and 195 

plant density was around 76,000 plants of maize per hectare. Maize is the primary crop cultivated in the 196 

surrounding area. The soil temperature was monitored at 5cm depth. Relative humidity was measured at 2-197 

meter-height with 10-min intervals.  198 

The sampling of vapor (atmospheric vapor and mixed vapor) and soil water were conducted from 199 

June to August 2017 and 2018 (sampling time points are shown in Table 1, which is specified hereinafter). 200 

Vapor was collected by four gas traps, and was measured using a water vapor isotope analyzer (L2130-i, 201 

Picarro Inc., Sunnyvale, CA, USA) from 7:00 am to 7:00 pm with two hours interval. No.1-No.3 traps were 202 

placed at just above the canopy, 2 m and 3 m respectively, which was used to collect the vapor of atmosphere 203 

at different heights. While No.4 gas trap was used to collect the mixed vapor. To guarantee a thorough mix 204 

of transpired vapor and ambient vapor, a long-term-operated van was fixed embedded of the chamber, 205 

which followed the devise of Song et al. (2015b). The mixed vapor was derived from dynamic plant 206 

chamber measurements (Fig. 3) at a flow rate of 500–1500cm3 min-1. The structure of the chamber was 207 

corresponding to the design of Pape et al. (2009). The theoretical basis of this design mainly follows the 208 

gas exchange principles invited by Wang et al. (2012b). At each observation time point (last for 15 mins), 209 

four times of independent measurements were taken corresponding to No.1–No. 4 sampling inlets. One 210 

independent measurement lasted for 225 s. The switch process between two independent measurements 211 

were self-acting. Since the analyzer record data every 0.9–1s, about 259–264 values for each inlet was 212 

recorded within the circulation. For each 225 s measurement period, No. 195 to No. 253 data points were 213 

selected to avoid residual issue and effect of transient pressure variation. As a result, 177 data points were 214 

used as (1/Cvi, δvi) from No.1–No.3 traps, and the average values of 59 data points were used as Cm and δm 215 

respectively from No. 4 gas trap. Vapor specifications ensure the precision of a measurement ranging from 216 

1,000 to 50,000 ppm, the precision is 0.040‰–0.25‰ for δ18O (Zhao et al., 2019). Our vapor calibration 217 

procedure was mainly corresponding to the study by Yuan et al. (2020). The volumes of the chamber was 218 
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40x60x180 cm3, which was made of acrylic glass. Artificial holes in the minor acrylic glass frame allow 219 

the device of inlet and outlet porthole. The soil samples were drilled by a soil auger at the depths of 0–5 220 

cm. Pure soil liquid water was extracted by a cryogenic vacuum extraction system (LI-2000, LICA United 221 

Technology, China), and the extraction method is guided by Orlowski et al. (2013). The δs values were 222 

measured by the same isotope analyzer (L2130-i, Picarro Inc., Sunnyvale, CA, USA) in liquid water model. 223 

δs calibration process mainly obeyed the study by Wu et al. (2017). The isotopic compositions values 224 

relative to the Standard Mean Ocean Water (SMOW).  225 

As our water vapor isotope analyzer was occupied due to maintenance and other experiments, twelve 226 

days were chosen to conduct ET partition observation. In each day, the observation started at 7:00 am and 227 

end up with 7:00 pm, conducting in 2 hours interval. Overall, we have 84 experimental data sets (Table 1). 228 

A quantity control filter was used on FT(δET) and FT(δv), which excluded the values beyond the range (0,1). 229 

2.2.3 Global Sensitivity Analysis  230 

A global sensitivity analysis was conducted for both two methods to determine the influence of a set 231 

of parameters had on predicting FT(δET) and FT(δv). A Sobol-method-based (Zhang et al., 2015) software, 232 

Crystal Ball (Oracle Inc., Redwood City, CA), was used to quantify the contribution of each input parameter 233 

to the change of modeling results. The parameter interactions were considered in this approach. Running 234 

the software, a Monte Carlo simulation (Bhat and Kumar, 2008) was implemented to supply random 235 

variation data trials within the observed range. In the simulation, 10,000 trials were operated for each 236 

parameter in both FT(δET) method and FT(δv) method, as well as 10,000 times subsampling input for each 237 

parameter, represented by their mean values and standard deviations among all of the observation time 238 

points under an assumed normal distribution (Cui et al., 2020). After analyzing the pattern of these 10,000 239 

trials of data derived from Monte Carlo simulation, a distribution of predicted FT(δET) and FT(δv) was able 240 

to be shown. In this study, the mean standard deviation of predicted FT(δET) and FT(δv) was 0.02 both. Finally, 241 

the software produced the contribution of each input parameter to the variability of results. The greater of 242 

the percentage value, the more sensitive a model output variable is to that particular parameter. 243 
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3. Results and Discussion 244 

3.1 Comparisons of the new method with the traditional method 245 

Among all observation time points, the average δET, δT, δE, δv and Cv values are -11.79±2.34‰, -8.50246 

±1.98‰, -28.75±6.96‰, -13.47±2.00‰ and 19284.02±5281.09 ppm, respectively (Table 1). After the 247 

quality control (see section 2.2.2) to exclude the FT values outside the range (0, 1), 94.0% and 96.4% of 248 

FT(δET) and FT(δv) values remain. Finally, 79 data points overlapped between FT(δET) and FT(δv) methods. 249 

The average FT(δET) and FT(δv) across all time points were 0.81±0.10 and 0.82±0.12. The FT results from 250 

the new method agreed well with the results using the traditional method (Fig. 4), which supports the 251 

validity of the mathematical derivation of the new method using field observations. 252 

3.2 The advantages of the new method compared with the traditional method 253 

3.2.1 The elimination of high sensitivity contribution parameter δET  254 

Global sensitivity analysis was conducted for both FT(δET) method (Fig. 5a) and FT(δv) method (Fig. 255 

5b). As for the traditional method, δET contributed to 59% of the sensitivity of FT, significantly larger than 256 

those of δT and δE. The high sensitivity contribution of parameter δET was also reported by a previous study 257 

(Cui et al., 2020). Generally, great uncertainty of δET was revealed in Keeling plot method, flux-gradient 258 

method and eddy covariance isotopic flux method (Good et al., 2012),  which resulted in large FT uncertainty 259 

when δET was used in the traditional method on the basis of sensitivity analysis in our study and others’ 260 

research (Cui et al., 2020). While in the new method, the parameter with the largest sensitivity contribution 261 

was k (46%). This result indicated that Keeling-plot-related parameters (δET and k) brought most of the 262 

uncertainty to estimate FT. At the same time, using k rather than δET would diminish the uncertainty result 263 

from Keeling plot since k can be directly calculated using observations without the need of extrapolation 264 

to obtain the intercept δET. The second largest sensitivity contribution in the new method was δv (27%), a 265 

direct measured parameter instead of a simulated value in the traditional method. Meanwhile, the sensitivity 266 

contributions of parameter δE and δT were reduced using the new method (7% and 18%) compared with the 267 

traditional method (12% and 29%). It was thus favorable for FT(δv) method for using a direct measured 268 
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parameter δv, and it will reduce the uncertainty of FT. 269 

3.2.2 The new method avoids extrapolation of Keeling plot 270 

One of the limitations of the Keeling plot is that it requires extrapolation far beyond the measured 271 

range of data points to the y-axis to obtain the intercept δET (Pataki et al., 2003). Geometrically, data points 272 

(1/Cvi, δvi) are always assembled in a restricted area, which is distant to the potential intercept point of the 273 

Keeling plot. In some cases, the extrapolation distance will be 8-10 times of original 1/Cvi range (Quade et 274 

al., 2018), such that small uncertainties in the OLS regression slope result in large uncertainties in the 275 

intercept δET (Tans, 1998). Our result of high sensitivity of δET also supports this point. To make matters 276 

worse, to meet the assumption of Keeling plot of constant slope and intercept (Wang et al., 2013), one of 277 

the principles is to shorten the observation period to obtain data points (1/Cvi, δvi) in a relatively short 278 

interval, such as 30 minutes (Good et al., 2012; Xiao et al., 2018). However, short interval data points (1/Cvi, 279 

δvi) may also shorten the 1/Cvi range, which further increases the extrapolation distance to the y-axis. In 280 

such cases, it is more dependable to use parameters derived from nearby data point (1/Cvi, δvi) than an 281 

interpolated intercept. 282 

4. Conclusions 283 

In this study, we established a new isotopic based method to quantify FT (FT(δv)). The FT(δv) method 284 

was derived based on the law of sines. The new method estimated FT using the modeled parameter k derived 285 

from Keeling plot relationship, and direct measured parameters Cv and δv. Evaluated by observation data, 286 

the linear regression showed the new FT(δv) method results agreed well with the results from the traditional 287 

FT(δET) method. The new method avoids the use of high sensitivity contribution parameter δET. A direct 288 

measured parameter δv in FT(δv) method would reduce the uncertainty of FT simulation. Using the 289 

parameters derived from direct measurements rather than extrapolation in Keeling plots, the new method 290 

should be more dependable. This study provides an analytical framework to estimate FT using a novel 291 

method based on existing Keeling plot instrumentations. The new method potentially reduces the 292 

uncertainty of isotope-based ET partition approach. 293 
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Table 1. Parameters used to estimate the transpiration to evapotranspiration ratio by FT(δET) method and 475 

FT(δv) method. The underlined data was expurgated because they are outside the possible range of 476 

transpiration to evapotranspiration ratio (i.e., >1). 477 

 478 

Date Time δET(‰) δT(‰) δE(‰) k(ppm*‰)  δv(‰) Cv(ppm) FT(δET) FT(δv)
7:00 -13.92 -8.06 -28.82 -23593.40 -15.95 14229.25 0.72 0.70
9:00 -13.70 -7.66 -30.06 -25525.94 -15.26 13062.02 0.73 0.75
11:00 -13.24 -7.43 -29.22 -33109.69 -15.13 17816.22 0.73 0.73
13:00 -12.07 -7.57 -29.11 -68684.16 -14.65 20298.32 0.79 0.83
15:00 -12.03 -7.17 -27.94 -55539.52 -16.30 16264.75 0.77 0.72
17:00 -12.12 -7.77 -27.75 -74334.03 -17.11 12113.71 0.78 0.84
19:00 -12.87 -8.65 -28.20 -58488.12 -18.68 9569.86 0.78 0.80
7:00 -16.14 -8.26 -31.90 43614.44 -15.24 14410.06 0.67 0.58
9:00 -13.76 -7.66 -30.18 -55954.42 -15.53 15795.70 0.73 0.81
11:00 -13.11 -7.43 -30.57 -68576.56 -15.31 16896.24 0.75 0.83
13:00 -13.44 -6.57 -32.25 -50147.02 -15.20 17584.07 0.73 0.78
15:00 -11.28 -6.17 -31.95 -86993.84 -15.29 19003.64 0.80 0.82
17:00 -12.20 -7.47 -30.51 -65906.59 -15.58 17323.40 0.79 0.81
19:00 -10.26 -7.85 -29.58 -86035.77 -15.43 12445.80 0.89 0.97
7:00 -12.50 -8.66 -34.08 -34129.27 -12.50 13197.35 0.85 0.95
9:00 -12.49 -8.26 -30.44 -46750.79 -13.67 17075.91 0.81 0.88
11:00 -11.24 -7.47 -30.02 -71075.34 -13.61 22314.74 0.83 0.87
13:00 -9.78 -6.08 -28.85 -86554.42 -13.63 25873.61 0.84 0.82
15:00 -8.14 -5.98 -29.89 -133581.89 -12.54 24659.11 0.91 0.95
17:00 -9.55 -4.15 -28.85 -24038.31 -12.10 19541.53 0.78 0.73
19:00 -9.85 -6.57 -29.87 -84465.09 -12.95 20679.12 0.86 0.90
7:00 -11.26 -7.97 -36.83 -10515.44 -11.60 14008.84 0.89 0.90
9:00 -10.90 -7.50 -33.55 -16700.50 -12.10 16149.08 0.87 0.86
11:00 -9.31 -6.47 -29.87 -24921.96 -11.19 18048.50 0.88 0.86
13:00 -7.46 -5.76 -27.92 -54441.51 -10.20 25313.63 0.92 0.90
15:00 -8.83 -4.23 -29.03 27456.88 -9.86 26911.28 0.81 0.73
17:00 -8.89 -4.17 -28.07 64236.29 -8.14 22845.26 0.80 0.72
19:00 -9.04 -7.16 -28.33 -36304.58 -10.00 23204.34 0.91 0.94
7:00 -3.82 -9.66 -63.48 -77049.20 -14.99 15582.36 1.11 0.99
9:00 -12.11 -10.10 -43.83 -45814.72 -14.71 16621.78 0.94 0.94
11:00 -20.74 -8.61 -37.03 171634.91 -14.46 26197.73 0.57 0.56
13:00 -11.96 -8.17 -36.00 18843.93 -11.56 25519.20 0.86 0.85
15:00 -11.55 -7.60 -31.83 -5444.14 -11.65 28032.11 0.84 0.84
17:00 -10.36 -8.34 -30.89 -63514.27 -12.43 23523.91 0.91 0.94
19:00 -9.70 -8.29 -34.12 -101072.20 -13.58 22204.88 0.95 0.97
7:00 -14.56 -9.62 -32.98 7022.82 -15.46 15810.78 0.79 0.73
9:00 -13.47 -9.34 -34.58 -31496.84 -15.28 18125.23 0.84 0.83
11:00 -12.69 -8.99 -32.19 -49740.56 -15.15 23377.49 0.84 0.83
13:00 -9.87 -9.49 -29.73 -149355.24 -16.17 23653.76 0.98 0.98
15:00 -10.01 -6.87 -28.76 -170549.90 -17.28 25081.47 0.86 0.84
17:00 -10.82 -8.98 -29.11 -147630.72 -17.46 21800.46 0.91 0.92
19:00 -11.07 -8.42 -29.76 -104132.77 -16.72 17897.72 0.88 0.88
7:00 -11.55 -7.66 -42.21 -46373.17 -12.91 12350.75 0.89 0.96
9:00 -11.57 -7.39 -37.36 -29525.94 -12.62 13438.87 0.86 0.90
11:00 -15.05 -7.79 -29.30 3109.69 -14.81 13941.85 0.66 0.66
13:00 -14.12 -8.57 -29.44 -8684.16 -14.72 15936.65 0.73 0.73
15:00 -10.81 -7.17 -29.72 -36539.52 -13.28 14946.74 0.84 0.84
17:00 -13.09 -6.47 -28.36 -14334.03 -14.36 14842.84 0.70 0.68
19:00 -9.89 -6.65 -27.47 -48488.12 -15.26 12663.53 0.84 0.77
7:00 -12.38 -8.61 -7.55 -8171.10 -12.59 14702.98 4.54 4.22
9:00 -12.94 -8.45 -28.94 7900.05 -12.69 13414.94 0.78 0.76
11:00 -12.10 -8.30 -29.18 -14964.90 -12.30 19508.19 0.82 0.85
13:00 -12.20 -8.89 -20.65 11520.51 -11.96 22917.28 0.72 0.70
15:00 -11.42 -7.77 -24.37 -5545.77 -12.70 21721.97 0.78 0.72
17:00 -11.64 -8.48 -20.83 -5165.10 -12.90 18580.88 0.74 0.66
19:00 -11.61 -8.47 -26.37 -16382.76 -12.43 17932.02 0.82 0.83
7:00 -7.33 -7.97 -27.66 -67353.64 -11.14 18518.09 1.03 1.02
9:00 -7.72 -7.50 -22.96 -56621.94 -11.14 19975.82 0.99 0.95
11:00 -8.82 -7.47 -32.13 -50553.49 -10.50 24384.42 0.95 0.96
13:00 -10.13 -6.76 -30.15 -30834.35 -10.70 28806.53 0.86 0.88
15:00 -9.93 -9.23 -32.28 -38742.43 -10.66 29499.65 0.97 0.99
17:00 -9.84 -8.17 -31.84 -19777.39 -10.20 19535.72 0.93 0.96
19:00 -10.22 -7.16 -28.08 -9873.97 -10.46 15464.54 0.85 0.87
7:00 -11.47 -11.66 -23.34 -88769.20 -13.80 16165.60 1.02 1.29
9:00 -11.17 -11.26 -22.70 -46040.00 -13.93 20925.90 1.01 0.96
11:00 -12.21 -11.42 -23.03 -32807.57 -13.84 23942.07 0.93 0.91
13:00 -12.52 -11.09 -23.71 -30703.45 -14.22 29293.09 0.89 0.83
15:00 -12.21 -9.97 -23.69 3374.13 -12.16 30129.54 0.84 0.83
17:00 -12.89 -9.11 -20.58 16937.64 -12.34 19370.21 0.67 0.64
19:00 -10.89 -7.51 -22.44 -14501.33 -12.75 13719.02 0.77 0.72
7:00 -12.58 -11.26 -20.25 -9352.71 -12.96 21818.45 0.85 0.86
9:00 -13.69 -12.06 -22.55 -6214.77 -14.03 24953.63 0.84 0.84
11:00 -12.33 -11.60 -21.72 -34072.08 -13.43 28033.17 0.93 0.94
13:00 -11.75 -11.10 -19.17 -60112.52 -13.59 33955.04 0.92 0.91
15:00 -14.90 -11.71 -21.88 18324.12 -12.92 25485.05 0.69 0.81
17:00 -13.66 -11.27 -30.74 -14127.35 -12.37 22556.53 0.88 0.98
19:00 -15.95 -10.92 -36.17 31405.77 -10.05 19852.51 0.80 0.97
7:00 -10.93 -7.49 -39.11 -11535.26 -12.92 16509.69 0.89 0.85
9:00 -11.99 -8.58 -24.23 869.56 -12.81 14106.31 0.78 0.73
11:00 -14.72 -10.30 -21.46 15267.54 -14.46 13635.30 0.60 0.53
13:00 -15.75 -14.69 -16.68 10632.60 -15.18 14099.66 0.47 0.37
15:00 -14.70 -14.14 -15.44 7750.78 -14.15 14595.20 0.57 0.58
17:00 -14.51 -11.67 -20.90 70.99 -14.52 12306.90 0.69 0.69
19:00 -13.39 -11.32 -20.52 3667.42 -12.89 11256.45 0.77 0.79
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 479 

Fig. 1 Hypothetical graph of the Keeling plot of the isotopic composition of evaporation vapor (δE) line 480 

(line 1), the isotopic composition of transpiration vapor (δT) line (line 2) and the possible area (shaded area) 481 

of the Keeling plot lines. 482 
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 484 

 485 

Fig. 2 A simplified triangle graph of the Keeling plot. Where x, y and z represent the length of the line 486 

segment (δT - δET), the line segment (δET - δE) and the line segment (δET – δx), respectively, and α, β and γ 487 

represent the angle of the line segment (δT - δET) and the line segment (δT – δx), the line segment (δET -δE) 488 

and the line segment (δE – δx) and the line segment (δET -δE) and the line segment (δET – δx), respectively. 489 
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 491 

 492 

Fig. 3 Schematic of the plant transpiration chamber system. The system is made up of (a) suction port which 493 

absorbs the atmosphere vapor, (b) acrylic glass chamber with volumes of 40x60x180 cm3, and (c) Teflon 494 

tube which connects to the suction port or the chamber with water vapor isotope analyzer. 495 
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 497 

 498 

Fig. 4 Comparison of transpiration fraction in the total evapotranspiration between traditional FT(δET) 499 

method and the new FT(δv) method.  500 

  501 

https://doi.org/10.5194/hess-2020-519
Preprint. Discussion started: 20 October 2020
c© Author(s) 2020. CC BY 4.0 License.



 22 

 502 

Fig. 5 Sensitivity contribution of each parameter based on FT(δET) method (a) and FT(δv) (b) method, 503 

respectively. 504 
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