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Abstract

:

Evapotranspiration (ET) is a crucial process in the terrestrial water cycle, and understanding its stable isotopic evolution is essential for comprehending hydrological processes. The Craig–Gordon (C-G) model is widely used to describe isotopic fractionation during pure evaporation. However, in natural environments, ET involves both transpiration (T) and evaporation (E), and the traditional C-G model does not account for the effect of transpiration on isotopic fractionation. To address this gap, we propose the evapotranspiration-unified C-G (ET-UCG) model, which extends the C-G model by incorporating transpiration’s effect on water isotopes. We verified the validity of the ET-UCG model by comparing its simulation results with the traditional C-G model’s discrete results for a special scenario that simulated the isotopic evolution of residual water after daily transpiration consumption. Further, we simulated two different ET process scenarios using the ET-UCG model to investigate transpiration’s effect on the residual water’s isotopic composition. Our numerical experiments show that transpiration indirectly affects the degree of water isotope fractionation by reducing the true evaporation ratio, even though it does not directly produce isotope fractionation. Therefore, the isotopic composition of residual water estimated by the ET-UCG model is consistently lighter than that estimated using the traditional C-G model in the simulation of ET. Despite different T/ET conditions, the isotopic evolution process follows the same evaporation line. These results highlight the importance of considering transpiration effects when using the C-G model and provide valuable insights into ET processes with potential applications in the field.
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1. Introduction


Evapotranspiration (ET) is one of the central components of the terrestrial water cycle [1,2], with about 60% of rainfall returning to the atmosphere through this process [3]. Accurate quantification of the soil evaporation loss fraction (f) and partition ET is vital for comprehending the water balance of a region, effectively managing water resources, and predicting the impacts of climate change on water availability.



Numerous methods have been devised for investigating ET. Traditional methods of field measurement, such as lysimeters and eddy covariance, are both expensive and labor-intensive, and limited to providing point measurements. Although certain models are capable of estimating soil evaporation over extended periods, they are unable to accurately estimate under-canopy E and partition ET. In recent decades, water isotope tracing has undergone significant developments [4,5], with stable isotopes such as δ2H and δ18O serving as natural tracers in studying the dynamics of soil water evaporation [6,7], quantifying the water balance [8], and partitioning ET [9,10]. Unlike other methods, isotope-based methods provide estimates for an extended period before the soil sampling and do not require continuous field observations [7,11], making them especially beneficial in areas where water resources are scarce or conventional methods are unfeasible [12]. Moreover, isotope-based methods can partition ET and offer insights into the underlying mechanisms. As a result, isotope-based techniques have emerged as a promising alternative for estimating ET in the future.



Isotopic fractionation occurs during ET processes as lighter water molecules are selectively evaporated, leaving behind heavy isotopes of hydrogen and oxygen in the residual water [13]. In contrast, transpiration does not cause isotopic fractionation [14]. The Craig–Gordon model (C-G model), proposed by Harmon Craig and Louis Gordon [15], is a renowned isotopic model that explains the combined effect of equilibrium and kinetic isotopic fractionation during the phase transition from liquid water to vapor [16,17,18]. This model is commonly used to interpret and model the isotopic composition of oceans [19], lakes, atmospheric water, soil water, and other natural water systems [8,20,21]. It has become an important theoretical method for isotopic studies of the hydrological cycle, both regionally and globally.



In the natural environment, the simultaneous occurrence of transpiration and evaporation poses a challenge to accurately determine the isotopic composition of water, which is not only directly affected by evaporation but also indirectly influenced by transpiration [20,22]. Despite the widespread use of the traditional C-G model to explain isotopic fractionation during the phase transition from liquid water to vapor, it is limited to the evaporation process and does not consider the effect of water loss by transpiration on water isotopes during evaporation, thereby failing to accurately depict the isotopic change process of natural water (e.g., pore water in soil under vegetation cover) undergoing ET [17,18,19]. As such, the development of an isotope evaporation fractionation model that includes transpiration is urgently needed.



The main objective of this study was to develop an improved isotopic model, which integrates the effects of both transpiration (T) and evaporation (E) on the isotopic composition of water during the ET process. The newly developed model was used to simulate the isotopic composition of water under different T/ET conditions, while also examining the impact of transpiration on evaporation fractionation. Specifically, we address the following key questions: (i) What are the disparities in quantifying water isotopes for C-G models with and without considering transpiration? (ii) How does the isotopic composition of residual water transform with the loss of water and time during ET? The findings of this research have the potential to yield valuable insights into ET processes and offer novel applications in the field.




2. Materials and Methods


2.1. Theoretical Background of the C-G Model


The C-G model, which was initially introduced by Craig and Gordon [15], has been widely used to estimate the isotopic fractionation that occurs during the transition from liquid water to vapor. Building on this work, Gonfiantini et al. [17] proposed an enhanced version, called the unified C-G analytical model (UCG model), which can accurately quantify all the relevant variables involved in the evaporation of both fresh and saline water. These models can be used to determine the isotopic composition of evaporated water, taking into account vapor escape and condensation (Figure 1). The detailed quantitative processes involved in this method are as follows:



(a) When H2O molecules transition from liquid to vapor phase, the hydrogen bonds that keep them in the liquid phase are broken, and a layer of saturated vapor is formed above the liquid surface. This vapor layer is in isotopic equilibrium with the liquid water phase, and the equilibrium fractionation factor    α  eq     describes the isotopic composition differences between the liquid and vapor phases at equilibrium. The    α  eq     is as follows:


   α  e q   =    R W     R V     



(1)




where RW is the isotopic ratio 2H/1H or 18O/16O in the water subjected to evaporation, RV is the isotopic ratio of the vapor layer in contact with the liquid.



The    α  e q     value is slightly greater than 1, indicating that lighter water molecules tend to vaporize more easily and hence are more dominant in the vapor phase. Furthermore, the    α  eq     values can be calculated as a function of temperature T (K) by utilizing the well-established experimental data provided by Majoube [23]:


  ln  α  e q   = a  T  − 2   + b  T  − 1   + c  



(2)







At equilibrium, the values of these coefficients are: a = 24,844, b = 76.248, c = 0.05261 for 2H, and a = 1137, b = −0.4156, c = −0.00207 for 18O.



(b) Thereafter, the vapor escapes from the equilibrium ‘layer’ by molecular diffusion and/or by turbulent diffusion, and is vented into the free atmosphere. The kinetic fractionation factor    α  diff  X    quantifies isotopic effects during net evaporation associated with the higher diffusivities of isotopically lighter molecules:


   α  diff  X  =    R V     R  esc      



(3)




where Resc is the isotope ratio of the vapor that escapes from the equilibrium ‘layer’,    α  diff     is the isotopic fractionation factor due to molecular diffusion, and its variations are generally dominated by the relative humidity (h) of the air overlying the evaporating surface. Commonly accepted    α  diff     values are provided by Merlivat [24]: 1.0251 for 2H and 1.0285 for 18O. X is the fractional ‘turbulence index’. When X = 1, vapor escapes solely by molecular diffusion, and the isotope fractionation factor is    α  diff    . However, when X = 0, vapor escapes only due to turbulent diffusion, which is isotopically non-fractionating, and the isotope fractionation factor    α  diff  X    is 1 [25].



(c) The vapor present in the free atmosphere follows the reverse path to reach the virtual, saturated vapor layer at the water–air interface, and is eventually captured by the liquid water through the re-equilibration process. Its isotopic ratio, Rcap, is related to that of the free atmosphere RA by:


   α  diff  X  =    R A     R  cap      



(4)







(d) Based on the fractionation mechanism mentioned above, Gonfiantini et al. [17] proposed the UCG model:


   δ w  =    δ 0  + 1 +  A B     δ A  + 1      f B  −   1 +  A B     δ A  + 1      



(5)




where δw is the isotopic composition of residual water,  f  is the fraction of residual liquid water, and δ0 and δA indicate the isotopic compositions of the initial water and the atmosphere, respectively.    A =  −  h   α  d i f f  X    γ − h      ,   B =  γ   α  e q    α  d i f f  X    γ − h     − 1  , γ is the thermodynamic activity coefficient of the evaporating water (equal to 1 for pure water and dilute solutions, and <1 for saline solutions), and h is the relative humidity of the free atmosphere normalized to the temperature of the evaporating water.



As an introductory example, we applied Equations (1)–(5) with the parameters T = 25 °C, h = 0.65, and X = 1 to simulate the isotopic evolution of a single water volume. The resulting evolution of hydrogen and oxygen δw of the residual water during the evaporation process is presented in Figure 2. As the evaporation progresses and the fraction of residual liquid decreases, the isotopic composition of the residual liquid gradually approaches the limiting composition. Under steady-state evaporation conditions, the isotopic composition of the evaporated water is a function of the residual water ratio f. During the process of evaporation, the lighter water molecules vaporize faster than the heavier ones, leading to gradual enrichment of the isotopic composition of the residual liquid, which approaches the atmospheric isotope-controlled limit [20].




2.2. An Improved C-G Model Accounting for the Effects of Both Transpiration and Evaporation


In order to more precisely characterize the isotopic variations of water during ET, we develop an improved C-G model, namely evapotranspiration-unified C-G (ET-UCG) model, which integrates the effect of transpiration (water loss from plants) based on the UCG framework, as depicted in Figure 3.



The evapotranspiration (ET) of liquid water is the sum of net evaporation rate (   φ E   ) and transpiration rate (   φ T   ), while the net evaporation equals the difference between the vaporization rate    φ  vap     and the atmospheric vapor capture rate    φ  cap     (i.e., condensation) by the liquid water.


   ET =  −   d W   d t   =  φ E  +  φ T  =  φ  v a p   −  φ  c a p   +  φ T  =   γ − h + m    φ  v a p  0   



(6)




where W is the liquid water mass,    φ  v a p  0    is the vaporization rate of pure water, γ is the thermodynamic activity coefficient of the evaporating water (equal to 1 for pure water and dilute solutions, and <1 for saline solutions [17]), and h is the relative humidity of the free atmosphere normalized to the temperature of the evaporating water. Thus, the vaporization rate of liquid water is   γ  φ  v a p  0   , and the condensation rate of atmospheric vapor on the liquid water is   h  φ  v a p  0   . Here, we define the transpiration rate    φ T    as   m  φ  v a p  0   .



The isotopic variation of evaporating water could be described by isotopic mass balance:


    d  R w    d t   =  1 W     R w     φ  v a p   −  φ  c a p   +  φ T    −  R  e s c    φ  e s c   +  R  cap    φ  cap   −  R T   φ T     



(7)







As we know, transpiration process does not lead to isotope fractionation, thus,


   R T  =  R w   



(8)







Dividing Equation (7) by Equation (6), we obtain:


    d  R w    d W   = −    R w   W  +   γ  R  e s c   + m  R T  − h  R  c a p     W   γ + m − h      



(9)







Using Equations (3), (4), (8) and (9) becomes:


    d  R w    d W   = −    R w   W  +   γ    R w     α  e q    α  d i f f  X    + m R − h    R A     α  d i f f  X      W   γ + m − h      



(10)




By introducing the fraction of residual liquid water   f =  W   W 0      (W is the liquid water mass,    W 0    is the initial liquid water mass), we obtain:


    d  R w    d l n f   =  R w     γ   α  e q    α  d i f f  X    γ + m − h     +  m  γ + m − h   − 1   −  R A   h   α  d i f f  X    γ + m − h      



(11)







Equation (11) can be rewritten as:


    d  R L    d l n f   =  R w  B +  R A  A  



(12)




where    A = −   h   α  d i f f  X    γ + m − h      ,    B =   γ   α  e q    α  d i f f  X    γ + m − h     +  m  γ + m − h   − 1  ,    A B   = −    h  α  e q     γ −  α  e q    α  d i f f  X    γ − h      .



By assuming that during evapotranspiration all parameters in A and B have constant values under steady-state conditions, Equation (12) can be integrated into a new C-G model, namely the ET-UCG model:


    BR  w     + AR   A  =     BR  w 0     + AR   A     f B   



(13)




where    R w 0    is the initial isotopic ratio of the evaporating liquid water.



Using the familiar δ-value notation (  δ =    R w     R  s t d     − 1  ), Equation (13) becomes:


   δ w  =    δ 0  + 1 +  A B     δ A  + 1      f B  −   1 +  A B     δ A  + 1      



(14)








2.3. Numerical Experiments


To investigate the effect of transpiration on the isotopic composition of residual water during evapotranspiration, we simulated various T/ET conditions using the ET-UCG model. To keep the example simple, we assumed a steady-state evapotranspiration process (pure water, γ = 1) with the meteorological parameters T = 25 (°C), h = 0.65, and X = 1, and an initial water body of 100 mm m−2. The initial isotopic composition δ0 of the water was assumed to be −72.65‰ for 2H and −9.89‰ for 18O (local tap water), with atmospheric water isotopic composition of −130‰ for 2H and −28‰ for 18O. The isotopic composition of the residual water was calculated using Equations (8)–(14) for each day, taking into account the coefficient  m  related to transpiration, which is calculated as:


  m =   γ − h   ·    T  ET     1 −  T  ET     .  



(15)







Specifically, we set up two different evapotranspiration process scenarios as follows:



Scenario 1: Constant ET and varying T/ET. We conducted a simulation experiment with a constant total evapotranspiration rate (T/ET) of 5 mm/day, while varying the proportion of transpiration to evapotranspiration (T/ET) from 0% to 100%. The simulation lasted for 20 days, during which 100 mm of water was completely lost. We compared the results of the ET-UCG model with those of the traditional C-G model, which does not consider transpiration, to identify any differences in the simulation outcomes. By using this approach, we aimed to elucidate the potential effects of transpiration on the isotopic evolution of residual water during evapotranspiration and to clarify the importance of considering transpiration on residual water isotope changes in isotopic models used for simulating evapotranspiration.



Scenario 2: Constant E and varying T/ET. To investigate the evolution process of residual water isotopes in an area subjected to varying transpiration conditions (it can be approximated as different vegetation types), we conducted a simulation experiment assuming a constant evaporation rate (E = 3 mm/day) and varying transpiration rates (T) ranging from 0 to 10 mm/day. The time required for water to be lost completely varies depending on T. Through an analysis of the isotopic evolution of residual water under these conditions, our study aimed to provide insight into the impact of transpiration rates on the isotopic composition of residual water in actual ecosystems. This approach can further our understanding of how transpiration rates associated with different land use types affect the isotopic composition of residual water in real-world scenarios.





3. Results


3.1. Validation of the ET-UCG Model by Theoretical Tests


To assess the validity of the ET-UCG model, we employed an artificial decomposition of evapotranspiration into distinct processes of evaporation and transpiration. In doing so, we devised a specialized scenario employing the conventional C-G model, which simulated the isotopic evolution of the residual water body following daily transpiration water consumption. Specifically, the C-G model simulation assumed that evaporation takes place at the beginning of each day, causing fractionation in the isotopic composition of the water body. It further assumed that transpiration takes place at the end of the day, without causing fractionation in the isotopic composition of the water body but resulting in a decrease in the total body of water due to water consumption. The isotopic composition of the residual water was then modeled based on the ratio of evaporated water day by day.



In the above scenario, the evaporation fraction x at each day was calculated according to Equation (16):


  x = 1 − f =   E · Δ t   W − ET · t   =     1 −  T  ET     Δ t    W  ET   − t    



(16)




where  t  is the cumulative evapotranspiration time (  d a y  ) of water body.



Assuming the total amount of liquid water mass   W = 100   mm  , evapotranspiration   ET = 5   mm / day  ,   Δ t = 1   day  , the simulation lasted for 20 days, during which 100 mm of water was completely lost. Equation (16) can be simplified as:


  x =   1 −  T  ET     20 − t    



(17)







Based on Equation (17), the daily evaporation fraction (x = 1 − f) leading to isotope fractionation in the evapotranspiration process increases with time, and the rate of change of x also increases with time. The evaporation fraction is smaller when T/ET is larger, resulting in less isotope fractionation (Figure 4). For instance, the true evaporation fraction of T/ET = 0.4 and 0.9 throughout the entire evapotranspiration process is always smaller than that of T/ET = 0. Moreover, the isotopes of the remaining water increase with the evaporation ratio  x  (Figure 2). Therefore, the water isotopes under evapotranspiration are always less enriched than those under evaporation alone. To sum up, transpiration does not directly produce isotope fractionation, but it indirectly affects the degree of water isotope fractionation by reducing the true evaporation ratio  x .



Taking the evaporation ratio (1 − f) under T/ET = 0.4 in the above scenario as an example, we conducted simulations of the daily evolution process of residual water isotopes using the traditional C-G model. Comparing the results of this scenario with those obtained using the ET-UCG model (Figure 5), it was observed that the isotope evolution trends obtained using the C-G model decomposed calculation method (gray rectangle) and the ET-UCG model (red triangle) are in good agreement, with a high correlation coefficient (R2 = 1.0) and a low root mean square error (RMSE = 0.38‰). This indicates that the ET-UCG model, which considers the transpiration process, provides an accurate and objective description of the isotopic evolution process during evapotranspiration. However, due to the discrete nature of the decomposed calculations, there are slight discrepancies between the two results, with the ET-UCG model producing continuous results.




3.2. Isotopic Patterns in Water Body Undergoing Evapotranspiration


3.2.1. Scenario 1: Constant ET and Varying T/ET


Figure 6 presents the impact of transpiration on the isotopic evolution process of residual water during evapotranspiration. When T/ET = 0, the simulation results of UCG and ET-UCG are consistent, validating the accuracy of the ET-UCG model in describing the stable isotope evolution process of pure evaporative water. However, when T/ET > 0, the residual water isotope evolution line simulated by the ET-UCG model is significantly lower than that simulated by the UCG model, indicating that transpiration plays a significant role in residual water isotope changes. The traditional C-G model may overestimate the degree of residual water isotope enrichment, particularly at high T/ET values, where the remaining water is less enriched. As T/ET increases, the isotopic evolution line of residual water during evapotranspiration gradually transforms from a convex curve to a concave curve, with the water isotopes of residual water during evapotranspiration eventually converging to the same point. In addition, the evolution law of isotopes over time is consistent with that of the residual water fraction (Figure 6b), since the water loss rate is linearly dependent on time under constant ET conditions. These results demonstrate that although the initial and final isotopic composition of an independent water body are the same under different evapotranspiration, the isotopic evolution process of the water body significantly differs during the process of evapotranspiration, and its change rate is controlled by T/ET.



Figure 7 displays the relationship between stable isotopes of hydrogen and oxygen in residual water during evapotranspiration. It shows that the evaporation lines of evapotranspiration water under different T/ET conditions are nearly identical (δ2H = (5.9 ± 0.05) δ18O + (−15.8 ± 0.22)). This finding implies that the isotopic evolution process follows the same evaporation line, even though the processes are different. Additionally, Figure 7b–d highlights that T/ET has an impact on the spread of the residual water isotopes along the evaporation line. Specifically, when the remaining water has a higher T/ET, the isotope points are closer to the initial water, and when T/ET is lower, the isotope points are nearer to the isotope limit points.




3.2.2. Scenario 2: Constant E and Varying T/ET


In Figure 8, the evolution process of water isotopes with water loss fraction and time under constant E is illustrated. Assuming a constant evaporation rate (E), the water loss rate (equal to ET) increases with the increase in transpiration rate (T), resulting in a varying time for complete water loss depending on T/ET. As depicted in Figure 8a, when T/ET > 0, the isotopic evolution process lines are below the single evaporation process line (T/ET = 0). Furthermore, the isotopes of residual water under the same water loss fraction f, but different evapotranspiration processes, converge to the same point when f = 0, and the larger the transpiration rate, the less enriched the isotopes of residual water. Figure 8b shows the isotopic enrichment process of transpiration water over time, and indicates that at the same time point, the isotopes of residual water are more enriched with a larger T/ET, implying that additional water loss by transpiration promotes the enrichment of residual water despite constant evaporation rate.






4. Discussion


In this study, we observed that water loss through transpiration played a significant role in the isotopic evolution of an evaporation water body. Although transpiration is a non-fractionation process, its influence on the isotopic composition of water is not negligible. Our analysis showed that in the absence of transpiration, the isotopic composition of evaporated samples would evolve along the UCG simulated line (Figure 5). However, in the case of evapotranspiration, the fractionation of water isotopes was controlled by two factors: isotopic fractionation due to evaporation and additional water loss caused by transpiration. The former occurs because lighter water molecules vaporize faster than heavier ones, resulting in the enrichment of 2H and 18O in the remaining liquid [26]. The strength of this fractionation depends on environmental factors such as temperature, humidity, and aerodynamic conditions [27]. On the other hand, the isotopic composition of the residual water was also found to be a function of evaporation fraction (Equation (5)). Transpiration accelerated the loss of water but reduced the true evaporation ratio, thereby indirectly affecting the degree of water isotope fractionation (Figure 4). As a result, the isotopic composition of water under evapotranspiration was less enriched compared to that under evaporation alone. Our findings highlight the importance of considering transpiration when studying the isotopic composition of water in evapotranspiration processes.



The evolution pattern of the residual water isotopes varied with the T/ET value. Our results showed that the evolution line transformed from a convex curve to a concave curve as T/ET increased, and    T  ET   ≈ 0.4   corresponded to a sort of ‘divide’ for 2H variations in evaporating water (Figure 6a). This indicated that the presence of transpiration altered the variation rate of the isotopes. As can be seen from Equation (14), the isotopic value (δw) is an exponential function of residual fraction (f). When the exponent B equals 1 (i.e.,    T  ET   = 2 −  1 h   ), the isotopic composition of the evaporating water will vary linearly with residual water fraction during evaporation. If the    T  ET   < 2 −  1 h   , it follows that B < 1, and the isotopic composition in evaporating water changes with increasing rate. While    T  ET   > 2 −  1 h   , it follows that B > 1, and therefore the 2H concentration changes with decreasing rate.



However, it was observed that the end points of evapotranspiration water body remained constant under different T/ET conditions (Figure 6 and Figure 8). A comparison of Equations (5) and (14) revealed that the ET-UCG model and UCG are equivalent in form but have distinct parameters, A and B. The A/B ratio, given by the expression    A B   = −    h  α  e q     γ −  α  e q    α  d i f f  X    γ − h      , is independent of the transpiration parameter (m), which ensures its consistency across various T/ET conditions. Consequently, the residual water isotope δ value is a function of f and B. When the water is lost completely, (f = 0),    δ  e n d   = − 1 −  A B     δ A  + 1    . This is consistent with the previous research reporting that the isotopic composition of final evaporated water is influenced by atmospheric water isotopes [28]. Therefore, at the end of the evaporation process, the isotopic composition of residual water is mainly determined by the H and O isotopic composition of the atmospheric air moisture, regardless of the original isotopic composition of the water. This implies that water with different initial isotopic compositions but subjected to similar environmental conditions (temperature, relative humidity, and turbulence) will eventually converge towards the same end δ-value.



It is noteworthy that although the isotopic composition of residual water undergoing evapotranspiration was distinct from that of water undergoing evaporation, the evaporation lines were found to be nearly identical under various T/ET conditions (Figure 7). As can be seen from Figure 2, δ value is only dependent on f under a steady-state evapotranspiration process. Equation (14) can be written as:


  δ    = M  ·  f B   + N   



(18)




where    M =   δ 0  + 1 +  A B     δ A  + 1     and    N =  − 1 −  A B     δ A  + 1    , so δ derivative with respect to f:


    d δ   d f    = MB  ·  f  B − 1    



(19)







The slope of evaporation line can be obtained by differentiating the derivation of   δ  H     2    and   δ  O      18    ,


  K =   d (  δ 2  H )   d (  δ  18   O )   =    M H   B H  ·  f   B H  − 1      M O   B O  ·  f   B O  − 1      



(20)







Since the equilibrium fractionation coefficient and dynamic fractionation coefficient of H and O are close to 1 (   α  eq   ≈ 1 ,    α  diff  X  ≈ 1  ),   B ≈  h  γ + m − h     will be independent of isotope type and    B H       = B   O   . Therefore,


   K =     M H     M O    =    δ 0    2  H + 1 +    A H     B H       δ A    2  H + 1      δ 0     18   O + 1 +    A O     B O       δ A     18   O + 1      



(21)







According to Equation (21), the slope of evaporation line (K) is just related to meteorological parameters, isotopic value of initial water and atmospheric water. With meteorological parameters (T = 25 °C, h = 0.65 and X = 1), initial value (δ02H = −72.65‰ and δ018O = −9.89‰), and atmospheric water isotopic value (δ02H = −130‰ and δ018O = −28‰), we can obtain an evaporation line slope K ≈ 5.9, which was consistent with the result in Figure 7. As mentioned above,    A B    is independent on transpiration, so the slopes of evapotranspiration line were identical under different T/ET condition.



The use of hydrogen and oxygen isotopes to quantify evaporation has been based on the assumption that isotopes fractionate only during physical evaporation, and this approach has been widely applied in hydrological studies [14,29,30]. However, this study provides the first evidence that the non-fractionation process of transpiration can also play an important role in controlling stable isotopic changes in evapotranspiration water. In terrestrial ecosystems, transpiration is likely to have a greater influence on soil water isotopic variability, due to its larger proportion in the water cycle [31]. With this in mind, the isotope signatures of a sampled water, such as soil water, may be a result of the combined effects of both evaporation and transpiration. Therefore, when interpreting water isotopic variation or calculating evaporation ratios using the traditional C-G model under evapotranspiration conditions, ignoring the contribution of transpiration may lead to errors in the estimated results.




5. Conclusions


This study has proposed an ET-UCG model to assess the isotopic evolution of water bodies undergoing evapotranspiration. The novel ET-UCG model, in contrast to the traditional C-G model, incorporates the effect of water loss by transpiration on water isotopes during evapotranspiration. Our numerical experiments demonstrated that the residual water isotope composition undergoing evapotranspiration was consistently lighter than that of evaporated water. However, transpiration variability did not impact the evaporation line. Our analyses highlight that the Isotopic composition of residual water during evapotranspiration should be interpreted as a result of combined evaporation and transpiration effects. Therefore, when applying isotope-based methods to simulate evapotranspiration, only considering evaporation fractionation while using the C-G model may lead to significant errors.
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Figure 1. The Craig–Gordon (C-G) model is presented in a schematic format to illustrate the two processes involved in the interaction of water to the atmosphere, namely fractionation process in evaporation and condensation of water vapor when it meets a water surface. The symbols in the schematic include RA, the isotope ratio of the vapor in the free atmosphere; RW, the isotopic ratio in the water; RV, the isotope ratio of the vapor layer in contact with the liquid; Resc, the isotope ratio of the vapor that escapes from the equilibrium layer; and Rcap, the isotope ratio of the vapor present in the free atmosphere captured by the liquid water through re-equilibration process;    φ  v a p     and    φ  c a p     are the vaporization rate and the atmospheric vapor capture rate by the liquid water, respectively. 
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Figure 2. Introductory example showing the evolution of the isotopic composition of residual water δw for the case of an isolated volume of liquid water that evaporates into the atmosphere. The initial composition of the source water is δ0, which is −9.89‰ for δ18O and −72.65‰ for δ2H. (a,b) show the hydrogen and oxygen isotopic composition increasing with the decreasing fraction of residual liquid, as they approach the limiting composition. 
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Figure 3. Schematic presentation of the evapotranspiration-unified C-G (ET-UCG) model, involving three essential processes in evapotranspiration, including water returns back to the atmosphere through non-fractionation process in transpiration and fractionation process in evaporation, and water vapor in the atmosphere condenses when it meets water surface. RA, the isotope ratio of the vapor in the free atmosphere; RW, the isotopic ratio in the liquid water; RV, the isotope ratio of the vapor layer in contact with the liquid; Resc, the isotope ratio of the vapor that escapes from the equilibrium layer; Rcap, the isotope ratio of the vapor present in the free atmosphere captured by the liquid water through re-equilibration process; RT, the isotope ratio of the liquid water converted to vapor by transpiration. The    φ  v a p    ,    φ  c a p    , and    φ T    are the vaporization rate, the atmospheric vapor capture rate, and the transpiration rate by the liquid water, respectively. 






Figure 3. Schematic presentation of the evapotranspiration-unified C-G (ET-UCG) model, involving three essential processes in evapotranspiration, including water returns back to the atmosphere through non-fractionation process in transpiration and fractionation process in evaporation, and water vapor in the atmosphere condenses when it meets water surface. RA, the isotope ratio of the vapor in the free atmosphere; RW, the isotopic ratio in the liquid water; RV, the isotope ratio of the vapor layer in contact with the liquid; Resc, the isotope ratio of the vapor that escapes from the equilibrium layer; Rcap, the isotope ratio of the vapor present in the free atmosphere captured by the liquid water through re-equilibration process; RT, the isotope ratio of the liquid water converted to vapor by transpiration. The    φ  v a p    ,    φ  c a p    , and    φ T    are the vaporization rate, the atmospheric vapor capture rate, and the transpiration rate by the liquid water, respectively.



[image: Agronomy 13 01531 g003]







[image: Agronomy 13 01531 g004 550] 





Figure 4. The evaporation ratio (1 − f) varies with time under different evapotranspiration conditions (T/ET = 0, 0.4, and 0.9). 
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Figure 5. Hydrogen isotope evolution of the residual water modeled by the evapotranspiration-unified C-G (ET-UCG) model and the decomposed calculation with the traditional Craig–Gordon (C-G) model, respectively. 
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Figure 6. Isotopic evolution of water along residual fraction (a) and time (b) under varying T/ET with the same meteorological condition and initial water. The simulations of the non-considering transpiration C-G model (UCG) are in agreement with the simulations of the ET-UCG model under the T/ET = 0 condition. 






Figure 6. Isotopic evolution of water along residual fraction (a) and time (b) under varying T/ET with the same meteorological condition and initial water. The simulations of the non-considering transpiration C-G model (UCG) are in agreement with the simulations of the ET-UCG model under the T/ET = 0 condition.



[image: Agronomy 13 01531 g006]







[image: Agronomy 13 01531 g007 550] 





Figure 7. Examples of evaporation lines with different T/ET conditions are almost identical (a), while the distribution on the line is different from each other (b–d). 
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Figure 8. Isotopic evolution of water along residual fraction (a) and time (b) under varying T/ET with the same meteorological condition and initial water. 
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