
1. Introduction
Stable water isotopologues are commonly used as natural tracers to determine the water movement within the 
unsaturated zone (e.g., Sprenger et al., 2016, 2018). Analyzing their compositions in water has proven to be a 
suitable tool for better understanding evaporation at the soil-atmosphere interface and mixing processes within 
soils. For instance, the location of the evaporation front within the soil can be identified by measuring the isotopic 
composition (Rothfuss et  al.,  2015). During evaporation, stable water isotopologues are affected by fraction-
ation processes. This process can be divided into equilibrium and kinetic fractionation (Craig, 1961; Craig & 
Gordon, 1965). Due to their differences in vapor pressure (equilibrium fractionation) and their varied diffusion 
coefficients (kinetic fractionation), the transport and flow behavior of heavier stable water isotopologues (e.g., 
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𝑂𝑂 as ordinary water, as it is the most common isotopologue.

Whereas the description of the equilibrium fractionation is consistent in literature (Horita & Wesolowski, 1994; 
Luz et al., 2009; Majoube, 1971), in terms of the kinetic fractionation, there are uncertainties in defining the 
relationship between the vapor diffusion coefficients under evaporating conditions (e.g., Luz et al., 2009; Quade 
et al., 2018). The major challenge in determining the kinetic fractionation correctly is how to include the influ-
ence of atmospheric properties like wind velocities, temperature, and humidity, but also soil-specific properties 
such as surface roughness and capillarity (Quade et al., 2018).

In the past, many one-dimensional process-based models have been developed: ODWISH (Shurbaji & 
Phillips, 1995), MOISE (Mathieu & Bariac, 1996; Melayah et al., 1996), SiSPAT-Isotope (Braud et al., 2005), 
Soil-Litter-Iso (Haverd & Cuntz, 2010), SWIS (Müller et al., 2014; Sprenger et al., 2018), HYDRUS-1D (Zhou 
et al., 2021). With these 1D model approaches, fractionation processes within the unsaturated zone and in the 
interface region can be simulated. However, these models only cover the influence of the atmosphere by including 
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evaporation boundary conditions and using parameterizations to describe the kinetic fractionation. Thus, the 
influence of the free-flow with varying wind conditions, humidities, and temperatures on the fractionation 
process can only be modeled for certain conditions (i.e., some factors are only valid or tested for a certain range 
of wind velocities) where suitable parameterizations are available. Additionally, the spatial distribution of the 
isotopologues is analyzed in 1D, and possible multidimensional effects cannot be analyzed with these models.

Concerning isotopologue transport models on a catchment model scale, some models can be found in literature: 
TAC D (Uhlenbrook et al., 2004), NASA-Giss ModelIE (Aleinov & Schmidt, 2006), CMF (Kraft et al., 2011; 
Windhorst et al., 2014), ECHAM5-JSBACH-wiso (Haese et al., 2012), ORCHIDEE (Risi et al., 2016), iCLM4 
(Wong et al., 2017), EcoH2O-iso* (Kuppel et al., 2018), TOUGH2 (Jiang et al., 2018). However, besides the 
issue that these models operate on a larger scale with lower resolution (land surface or catchment models) than 
our interest, which is to analyze isotopologue transport at an intermediate scale, suitable for analyzing laboratory 
experiments on a REV scale, they also rely on parameterizations to describe the isotope transport and frac-
tionation. Depending on scale and application, using parameterizations, especially in land surface or catchment 
models, can be of course very suitable in many cases. However, for a detailed process analysis, the presented 
approach can give more insights.

With our approach, we also want to include the influence of atmospheric flow on the isotopic fractionation 
processes in the porous-medium domain with thermodynamic consistency by accounting for the flow and 
transport in the free-flow domain and coupling the free-flow to the porous-medium domain. By resolving and 
coupling both domains we can derive the kinetic fractionation process for the interface region without relying on 
any fractionation parameterizations. To our knowledge, there is no stable water isotopologue transport model, 
which resolves both domains and couples the free-flow and the porous-medium domain on the REV scale.

In the following, we present a multi-dimensional stable water isotopologue transport model which couples a 
free-flow domain representing the atmosphere and a porous-medium domain and ensures mass, momentum, 
and energy conservation. Evaporation of both ordinary water and the heavier isotopologues can be described 
under varying free-flow conditions, for example, varying wind speeds including turbulent and laminar flow 
conditions. This means we can describe the fractionation process in the free-flow domain, the interface region, 
and the porous-medium domain without implementing the commonly used fractionation parameterizations. This 
allows us to analyze the flow and transport of the isotopologues together with the evaporation process of ordinary 
water. Further, the influence of the different stages of the evaporation processes on isotopologue behavior can 
be reviewed. It also allows us to isolate physical factors, analyzing the processes contributing to isotopologue 
fractionation independently.

2. Methods
In this section, we describe the principles of fractionation processes of stable water isotopologues during evapo-
ration from soils (Section 2.1), as well as the applied coupled model concept (Section 2.2). This model concept 
includes the description of mass and energy transfer within the porous-medium domain 𝐴𝐴 Ω𝑝𝑝𝑝𝑝 , within the atmos-
pheric free-flow domain 𝐴𝐴 Ω𝑓𝑓𝑓𝑓 , and the coupling concept connecting the domains. At the end of the chapter, the 
numerical model is briefly explained in Section 2.3.

2.1. Fractionation Processes of Stable Water Isotopologues

Craig and Gordon (1965) proposed a model for isotopic effects during evaporation from a free water surface. 
The so-called Craig-Gordon model describes the effects of the different transport mechanisms and fractionation 
processes between the water surface and the ambient air. The original Craig-Gordon model is distributed into 
three zones. These zones can be adapted for the application in porous medium by extending the zones to the 
soil-water evaporation front. These zones are as follows: (a) a turbulent zone where turbulent mixing occurs and 
the isotopic composition becomes constant; (b) a diffusive zone defined by the viscous sub-layer where diffu-
sive transport dominates and kinetic fractionation is the leading fractionation process; and (c) an interface zone 
where  the liquid and vapor phase are in isotopic equilibrium inside the porous medium and equilibrium fraction-
ation governs the fractionation process. In Figure 1, the isotopic composition profile and the classification into 
the specific fractionation zone are illustrated.
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Analyzing the enrichment of isotopic species in soils can be used to determine the depth or progression of 
the evaporation front in unsaturated soils. The evaporation front can be located at the maximal gradient of the 
isotopic composition (Rothfuss et al., 2015). This and the impact of the different evaporation stages on the enrich-
ment process are depicted in Figure 1.

During stage-I evaporation (Figure 1a), the atmospheric evaporation potential is satisfied at the soil-atmosphere 
interface by capillary recharge. As the soil dries out further, the evaporation rate reduces as stage-II evapora-
tion begins (Figure 1b; e.g., Lehmann et al., 2008). Here, liquid water at the interface is less mobile as residual 
saturation is approached and evaporation is possible through diffusive transport. While the soil dries out, the 
position of the isotopic zones rearranges. The interface zone, characterized by equilibrium fractionation, moves 
with the evaporation front downwards, and the diffusive zone, characterized by kinetic fractionation, is thereby 
extended. The maximal gradient of the isotopic composition and so the evaporation front is no longer located 
at the porous-medium domain surface, but below the soil surface, in the transition between the diffusive and 
interface zone.

In most models describing isotopic fractionation, the main driving processes for isotopic fractionation in soils and 
at the soil-atmosphere interface are commonly expressed by the equilibrium fractionation factor and the kinetic 
fractionation factor. In general, the fractionation factor describes the tendency of two components 𝐴𝐴 𝐴𝐴 to separate 
from their mixture. For the kinetic fractionation factor, which describes the fractionation of isotopic species 
caused by the difference in diffusive transport of water and its isotopologues, many approaches exist. Barnes 
and Allison (1984) described the kinetic fractionation factor considering only molecular transport. Dongmann 
et al.  (1974) extended the definition of Barnes and Allison (1984) by involving free-flow properties. Besides 
these definitions, Brutsaert (1975), Craig and Gordon (1965), Gat (1971), Mathieu and Bariac (1996), Quade 
et al. (2018) published alternative formulations. As stated before, in our transport model, we do not rely on the 
kinetic fractionation factor. As we describe the transport of each isotopologue with different diffusion coeffi-
cients and resolve the atmosphere (as a free-flow domain) possible kinetic effects, for example, due to turbulent 
flow, are inherently included in the description of the transport. In Section 3, details about the diffusion coeffi-
cients used can be found.

The equilibrium fractionation factor (in the following denoted by 𝐴𝐴 𝐴𝐴
𝑖𝑖

𝑒𝑒𝑒𝑒 ) is defined by the different vapor pressures 

of the heavier isotopologues 𝐴𝐴 𝐴𝐴
𝑖𝑖

𝑔𝑔 and the vapor pressure of the lighter ordinary water 𝐴𝐴 𝐴𝐴
𝐻𝐻

16

2
𝑂𝑂

𝑔𝑔  and is commonly 
expressed by the dependence on the temperature 𝐴𝐴 𝐴𝐴  and coefficients that can be chosen from the literature. In our 
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Figure 1. Isotopic composition profiles during (a) stage-I evaporation, (b) stage-II evaporation and the classification into their respective isotopic fractionation 
processes.
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As we assume chemical equilibrium, we compute the phase compositions based on Henry's and Raoult's law. The 
equilibrium fractionation factor is smaller than 1, which leads to the enrichment of the isotopologues in liquid 
water compared to ordinary water. More information about the used coefficients can be found in the appendix.

To summarize, in the presented coupled transport model, equilibrium and kinetic fractionation effects can 
be derived from solving two-phase four-component transport equations in the porous medium and one-phase 
four-component transport equations in the free-flow domain. Both domains (the free-flow domain describing the 
atmosphere and the porous-medium domain) are coupled with the help of suitable coupling conditions that ensure 
mass, momentum, and energy conservation.

In the following, model concepts for the porous-medium domain, the free-flow domain, and the coupling condi-
tions are presented.

2.2. Coupled Model Concepts

2.2.1. Porous-Medium Domain

The porous-medium flow domain is described by a multiphase Darcy's law in combination with a mass and 
energy balance to describe non-isothermal, multiphase flow. The mass balance equation for the component trans-
port is written as the following:

∑

𝛼𝛼∈{l, g}

(

𝜙𝜙
𝜕𝜕(𝜌𝜌𝛼𝛼𝑆𝑆𝛼𝛼𝑋𝑋

𝜅𝜅
𝛼𝛼 )

𝜕𝜕𝜕𝜕
+ ∇ ⋅ 𝐯𝐯𝛼𝛼𝜌𝜌𝛼𝛼𝑋𝑋

𝜅𝜅
𝛼𝛼 +

∑

𝜅𝜅

∇ ⋅

(

𝐃𝐃
𝜅𝜅
𝑝𝑝𝑝𝑝𝑝𝛼𝛼𝜌𝜌𝛼𝛼∇𝑋𝑋

𝜅𝜅
𝛼𝛼

)

)

= 0𝑝 (2)

Here 𝐴𝐴 𝐃𝐃
𝜅𝜅
𝑝𝑝𝑝𝑝𝑝𝑝𝑝 denotes the effective binary diffusion coefficient in the porous medium. Phase saturations are denoted 

by 𝐴𝐴 𝐴𝐴𝛼𝛼  and 𝐴𝐴 𝐴𝐴𝛼𝛼 is the density of the phase. 𝐴𝐴 𝐴𝐴
𝜅𝜅
𝛼𝛼 is the mass fraction that is defined by 𝐴𝐴 𝐴𝐴

𝜅𝜅
𝛼𝛼 = 𝑥𝑥

𝜅𝜅
𝛼𝛼

𝑀𝑀
𝜅𝜅

𝑀𝑀𝛼𝛼

 with 𝐴𝐴 𝐴𝐴
𝜅𝜅 as the 

molar mass of the component and 𝐴𝐴 𝐴𝐴𝛼𝛼 as the average molar mass of the phase. The fluid phase velocity 𝐴𝐴 𝐯𝐯𝛼𝛼 is 
determined by Equation 3:

𝐯𝐯𝛼𝛼 = −
𝑘𝑘𝑟𝑟𝑟𝛼𝛼

𝜇𝜇𝛼𝛼

𝐾𝐾(∇𝑝𝑝𝛼𝛼 − 𝜌𝜌𝛼𝛼𝐠𝐠). (3)

 𝐴𝐴 𝐴𝐴 denotes the intrinsic permeability of the porous medium and 𝐴𝐴 𝐴𝐴𝑟𝑟𝑟𝑟𝑟 the relative permeability of the phase. 𝐴𝐴 𝐴𝐴𝛼𝛼 is 
the dynamic viscosity of the phase and 𝐴𝐴 𝐴𝐴𝛼𝛼 is the phase pressure. Gravity is denoted by the vector 𝐴𝐴 𝐠𝐠 . Within the 
porous-medium domain, we assume a local thermodynamic equilibrium. The energy balance is defined by:

∑

𝛼𝛼∈{l, g}

(

𝜙𝜙
𝜕𝜕(𝜌𝜌𝛼𝛼𝑆𝑆𝛼𝛼𝑢𝑢𝛼𝛼)

𝜕𝜕𝜕𝜕
+ ∇ ⋅ (𝜌𝜌𝛼𝛼ℎ𝛼𝛼𝐯𝐯𝛼𝛼)

)

+ (1 − 𝜙𝜙)
𝜕𝜕(𝜌𝜌𝑠𝑠𝑐𝑐𝑝𝑝𝑝𝑠𝑠𝑇𝑇 )

𝜕𝜕𝜕𝜕
− ∇ ⋅ (𝜆𝜆𝑝𝑝𝑝𝑝∇𝑇𝑇 ) = 0. (4)

𝐴𝐴 𝐴𝐴𝛼𝛼 is the internal energy of the phase and 𝐴𝐴 𝐴𝛼𝛼 the specific enthalpy. Due to the differences in enthalpies of the 
gaseous and the liquid phase, latent heat of vaporization is included in this approach. The solid part of the porous 
medium is accounted for by the specific heat capacity 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝 and the density of the solid 𝐴𝐴 𝐴𝐴𝑠𝑠 . The thermal conductivity 

𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 is a mixture of the thermal conductivities of the liquid and the gaseous and the solid phase and is computed 
by the Somerton approach (Somerton et al., 1974).

2.2.2. Free-Flow Domain

The free-flow can be described by the Navier-Stokes equations:

𝜕𝜕𝜕𝜕𝑔𝑔𝐯𝐯𝑔𝑔

𝜕𝜕𝜕𝜕
+ ∇ ⋅

(

𝜕𝜕𝑔𝑔𝐯𝐯𝑔𝑔𝐯𝐯
𝑇𝑇
𝑔𝑔

)

− ∇ ⋅ (𝝉𝝉𝑔𝑔) + ∇ ⋅ (𝑝𝑝𝑔𝑔𝐈𝐈) − 𝜕𝜕𝑔𝑔𝐠𝐠 = 0. (5)

with I as the identity matrix. The mass balance for each component is given by:

𝜕𝜕
(

𝜌𝜌𝑔𝑔𝑋𝑋
𝜅𝜅
𝑔𝑔

)

𝜕𝜕𝜕𝜕
+ ∇ ⋅

(

𝜌𝜌𝑔𝑔𝐯𝐯𝑔𝑔𝑋𝑋
𝜅𝜅
𝑔𝑔 − 𝐣𝐣

𝜅𝜅

diff

)

− 𝑞𝑞
𝜅𝜅
= 0. (6)

The diffusive fluxes 𝐴𝐴 𝐣𝐣
𝜅𝜅

diff
= 𝐃𝐃

𝜅𝜅
𝛼𝛼𝜌𝜌𝛼𝛼∇𝑋𝑋

𝜅𝜅
𝛼𝛼 are, as in the porous medium, described by Fick's law.
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In order to properly describe turbulent free-flow behavior the so-called Reynolds-Averaged Navier-Stokes 
(RANS) equations are used. This splits the fluctuating terms into averaged and fluctuating values, which intro-
duces a new term, the Reynolds stress tensor 𝐴𝐴 𝝉𝝉𝑔𝑔𝑔𝑔𝑔 . The momentum balance can be denoted as:

𝜕𝜕𝜕𝜕𝑔𝑔𝐯𝐯𝑔𝑔

𝜕𝜕𝜕𝜕
+ ∇ ⋅

(

𝜕𝜕𝑔𝑔𝐯𝐯𝑔𝑔𝐯𝐯
𝑇𝑇
𝑔𝑔

)

− ∇ ⋅ (𝝉𝝉𝑔𝑔 + 𝝉𝝉𝑔𝑔𝑔𝜕𝜕) + ∇ ⋅ (𝑝𝑝𝑔𝑔𝐈𝐈) − 𝜕𝜕𝑔𝑔𝐠𝐠 = 0. (7)

As closure relations for the newly introduced Reynold's stress 𝐴𝐴 𝝉𝝉𝑔𝑔𝑔𝑔𝑔 = 𝜇𝜇𝑔𝑔𝑔𝑔𝑔

(

∇𝐯𝐯𝑔𝑔 + ∇𝐯𝐯
𝑇𝑇
𝑔𝑔

)

−

(

2

3
𝜌𝜌𝑔𝑔𝑘𝑘𝐈𝐈

)

 in this work a 
𝐴𝐴 𝐴𝐴 − 𝜔𝜔 turbulence model is used. More information about this can be found in Wilcox (2008).

The mass balance equation for the transport of a component in the free-flow is given with:

𝜕𝜕
(

𝜌𝜌𝑔𝑔𝑋𝑋
𝜅𝜅
𝑔𝑔

)

𝜕𝜕𝜕𝜕
+ ∇ ⋅

(

𝜌𝜌𝑔𝑔𝐯𝐯𝑔𝑔𝑋𝑋
𝜅𝜅
𝑔𝑔 − 𝐣𝐣

𝜅𝜅

diff,𝜕𝜕

)

− 𝑞𝑞
𝜅𝜅
= 0. (8)

where the turbulent diffusion 𝐴𝐴 𝐣𝐣
𝜅𝜅

diff,𝑡𝑡
 uses an effective diffusion coefficient that also accounts for turbulent behavior 

with: 𝐴𝐴 𝐴𝐴
𝑖𝑖𝑖𝑖

eff,𝑡𝑡
= 𝐴𝐴

𝑖𝑖𝑖𝑖

𝑔𝑔 +𝐴𝐴𝑡𝑡 . 𝐴𝐴 𝐴𝐴𝑡𝑡 is the eddy diffusivity.

The energy balance can be described with:

𝜕𝜕(𝜌𝜌𝑔𝑔𝑢𝑢𝑔𝑔)

𝜕𝜕𝜕𝜕
+ ∇ ⋅ (𝜌𝜌𝑔𝑔ℎ𝑔𝑔𝐯𝐯𝑔𝑔) +

∑

𝑖𝑖

∇ ⋅

(

ℎ
𝜅𝜅
𝑔𝑔 𝐣𝐣

𝜅𝜅

diff,𝜕𝜕

)

− ∇ ⋅ ((𝜆𝜆𝑔𝑔 + 𝜆𝜆𝜕𝜕)∇𝑇𝑇 ) = 0, (9)

where the 𝐴𝐴 𝐴𝐴𝑡𝑡 is the eddy conductivity. More information about these models can be found in for example, Fetzer 
et al. (2016).

2.2.3. Interface Coupling Conditions

The interface conditions are based on the assumption of local thermodynamic equilibrium (Mosthaf et al., 2011). 
At the interface, we assume that temperatures, the pressure and mole fractions are equal. Continuity of fluxes at 
the interface is then described by:

[

(𝜌𝜌𝑔𝑔𝐯𝐯𝑔𝑔) ⋅ 𝐧𝐧
]ff

= −
[

(𝜌𝜌𝑔𝑔𝐯𝐯𝑔𝑔 + 𝜌𝜌𝑤𝑤𝐯𝐯𝑤𝑤) ⋅ 𝐧𝐧
]pm

. (10)

The tangential component of the momentum balance is set to the Beavers-Joseph-Saffman condition (Beavers & 
Joseph, 1967; Jones, 1973; Saffman, 1971), describing the slip velocity at the interface.

[(

−𝐯𝐯𝑔𝑔 −

√

(𝐊𝐊𝐊𝐊𝑖𝑖) ⋅ 𝐊𝐊𝑖𝑖

𝛼𝛼𝐵𝐵𝐵𝐵

(

∇𝐯𝐯𝑔𝑔 + ∇𝐯𝐯
𝑇𝑇
𝑔𝑔

)

𝐧𝐧

)

⋅ 𝐊𝐊𝑖𝑖

]ff

= 0, 𝑖𝑖 ∈ {1, .., 𝑑𝑑 − 1}. (11)

For the normal part of the momentum coupling condition, we use a continuity of normal stresses.

[((

𝜌𝜌𝑔𝑔𝐯𝐯𝑔𝑔𝐯𝐯
𝑇𝑇
𝑔𝑔 − (𝝉𝝉𝑔𝑔 + 𝝉𝝉𝑔𝑔𝑔𝑔𝑔) + 𝑝𝑝𝑔𝑔𝐈𝐈

)

𝐧𝐧
)]ff

=
[

(𝑝𝑝𝑔𝑔𝐈𝐈)𝐧𝐧
]pm

. (12)

For a component, i, continuity of fluxes is written as:

[(

𝜌𝜌𝑔𝑔𝑋𝑋
𝜅𝜅
𝑔𝑔 𝐯𝐯𝑔𝑔 + 𝐣𝐣diff,𝑡𝑡

)

⋅ 𝐧𝐧
]ff

= −

[(

∑

𝛼𝛼

(

𝜌𝜌𝛼𝛼𝑋𝑋
𝜅𝜅
𝛼𝛼 𝐯𝐯𝛼𝛼 + 𝐣𝐣

𝜅𝜅

diff,𝛼𝛼

)

)

⋅ 𝐧𝐧

]pm

. (13)

For the energy coupling the flux condition is:

[(

𝜌𝜌𝑔𝑔ℎ𝑔𝑔𝐯𝐯𝑔𝑔 +

∑

𝑖𝑖

ℎ
𝜅𝜅
𝑔𝑔 𝐣𝐣

𝜅𝜅

diff,𝑔𝑔
+ 𝜆𝜆𝑔𝑔∇𝑇𝑇

)

⋅ 𝐧𝐧

]ff

= −

[(

∑

𝛼𝛼

(

𝜌𝜌𝛼𝛼ℎ𝛼𝛼𝐯𝐯𝛼𝛼 +

∑

𝑖𝑖

ℎ
𝜅𝜅
𝛼𝛼 𝐣𝐣

𝜅𝜅

diff,𝛼𝛼

)

− 𝜆𝜆pm∇𝑇𝑇

)

⋅ 𝐧𝐧

]pm

. (14)
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2.3. Numerical Model

The porous-medium domain is discretized using cell-centered finite volumes. The simulations were performed 
using a two-point flux approximation on a rectangular grid. The free-flow domain is also discretized using finite 
volumes but with the marker and cell scheme. More details are described in Coltman et al. (2020).

The above-mentioned concepts are implemented using the open-source simulation environment DuMu x (Flemisch 
et al., 2011; Koch et al., 2021), which is based on the open-source numerical toolbox DUNE. The source code 
for the below-performed simulations is accessible via a DuMu x publication module (https://git.iws.uni-stutt-
gart.de/dumux-pub/kiemle2022a) and via the data repository of the University of Stuttgart (DaRUS; Kiemle & 
Heck, 2022b).

3. Simulation Scenario
In our analysis, we investigate the fractionation behavior of the heavy water isotopologues 𝐴𝐴

2
𝐻𝐻

1
𝐻𝐻𝐻𝐻 and 𝐴𝐴 𝐴𝐴

18

2
𝑂𝑂 in 

relation to ordinary water 𝐴𝐴 𝐴𝐴
16

2
𝑂𝑂 during an evaporation process.

Usual methods to validate the isotopic fractionation process, as presented in Braud et  al.  (2005) or Zhou 
et  al.  (2021), cannot be applied to our model. The validation through the analytical solution by Barnes and 
Allison (1983) is not applicable as this solution is derived for a constant evaporation rate without resolving a free-
flow domain and applying parameterization for the kinetic fractionation. The verification through an experimen-
tal comparison is restricted by the need for an exact description of the free-flow domain, with a controlled climate 
and wind speed. This is why we create a virtual evaporation experiment in which a fully saturated soil column 
dries out under constant atmospheric conditions. With this model setup, we present the ability of our model to 
simulate isotopic fractionation during evaporation and are able to analyze the physical behavior.
 • Scenario 1 (Section 4.1): Here, we employ laminar conditions in the free-flow domain. This scenario is used to 

present that our model is able to simulate isotopic fractionation processes.
 • Scenario 2 (Section 4.2): The laminar free-flow conditions are kept, but single parameters which influence the 

fractionation behavior are isolated. This approach has been proposed by Mathieu and Bariac (1996) to verify 
if the model reproduces reasonable results for each parameter influencing the fractionation process. The study 
has been conducted under isothermal conditions (𝐴𝐴 𝐴𝐴  = 289 K).

 • Scenario 3 (Section 4.3): Finally, we enable turbulent conditions in the free-flow domain. This scenario should 
give an impression on the options of modeling the free-flow and coupling the free-flow and the porous 
medium available in DuMu x, and how these options can be used to further investigate fractionation processes 
in at soil-atmosphere interface.

The setup comprises a wind tunnel with a flat porous medium beneath. The wind velocity profile develops from 
the left to the right side from a parabolic-shaped profile into a fully developed velocity profile. From the left side, 
the free-flow domain is constantly supplied with stable water isotopologues and water vapor. Figure 2 shows a 
sketch of the initial and boundary conditions of the simulation setup. As this evaluation does not include any 
specific pore scale information, the Beavers-Joseph coefficient 𝐴𝐴 𝐴𝐴𝐵𝐵𝐵𝐵 , used in the tangential momentum coupling 
condition, is set to 1.

Inside the porous-medium domain, we set the properties to match a light clay (Yolo light clay [Moore, 1937]) 
with a texture of 31.2% clay, 45.0% silt and 23.8% sand for our simulations. The spatial parameters of the soil are 
listed in Table 1.

The applied fluid system comprises the components air, 𝐴𝐴 𝐴𝐴
16

2
𝑂𝑂 , 𝐴𝐴

2
𝐻𝐻

1
𝐻𝐻𝐻𝐻 and 𝐴𝐴 𝐴𝐴

18

2
𝑂𝑂 . The non-isotopic properties 

and relationships of our fluid system can be found in IAPWS (2007), as well as in the DuMu x documentation and 
in the DuMu x publication module (Kiemle & Heck, 2022b). The binary liquid diffusion coefficient for “𝐴𝐴 𝐴𝐴

16

2
𝑂𝑂 

- isotopologue” is proportional to the liquid self-diffusion coefficient of 𝐴𝐴 𝐴𝐴
16

2
𝑂𝑂 . The proportional factor can be 

found in Mathieu and Bariac (1996). The diffusion between air-isotopologues in the vapor phase was defined by 
using the gas diffusion coefficient of 𝐴𝐴 𝐴𝐴

16

2
𝑂𝑂 -Air and a proportional factor given by Merlivat (1978). The isotopic 

vapor pressure (see Equation 1) was defined by using coefficients proposed by Van Hook (1968). A detailed 
overview of these parameters used in our model can be found in the Appendix A.

The composition of isotopologues is commonly written in the 𝐴𝐴 𝐴𝐴 -notation that relates the ratio of isotopologues 
to ordinary water to a standard value: 𝐴𝐴 𝐴𝐴

𝑖𝑖

𝛼𝛼 =
𝑅𝑅
𝑖𝑖
𝛼𝛼
−𝑅𝑅𝑉𝑉 −𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑅𝑅𝑉𝑉 −𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

⋅ 1,000 [‰] with 𝐴𝐴 𝐴𝐴
𝑖𝑖

𝛼𝛼 =
𝑁𝑁

𝑖𝑖

𝑁𝑁
𝐻𝐻
16

2
𝑂𝑂
 and 𝐴𝐴 𝐴𝐴𝑉𝑉 −𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  the standard 

https://git.iws.uni-stuttgart.de/dumux-pub/kiemle2022a
https://git.iws.uni-stuttgart.de/dumux-pub/kiemle2022a


Water Resources Research

KIEMLE ET AL.

10.1029/2022WR032385

7 of 18

mean ocean water (Gonfiantini, 1978). Concerning the 𝐴𝐴 𝐴𝐴 -notation, the superscript 𝐴𝐴 𝐴𝐴  describes only the heavier 
atom of the isotopologue instead of the entire molecule.

4. Results and Discussion
4.1. Water Isotopologue Transport Under Laminar Flow Conditions

We focus on the fractionation behavior in the porous-medium domain during the evaporation of a soil column. 
As described in Section  2.1, we expect an enrichment of isotopologues toward the evaporation front in the 
porous-medium domain caused by the equilibrium fractionation in the saturated zone and subsequently a decrease 
in the isotopic composition caused by intrusion of the isotopic-depleted atmosphere in the dried porous-medium 
zone. Thus, the resulting isotope profile remains constant in the saturated zone (no fractionation) but forms a 
peakshape at the evaporation front.

As a first step, we set up a stable water isotopologue transport problem with 
laminar flow (𝐴𝐴 v𝑥𝑥   =  0.1  m/s) above the porous-medium domain. Here, the 
focus is placed on the isotope fractionation process itself without the influ-
ence of turbulent mixing in the free-flow. In Figure 3, the isotopic composi-
tions for various days are plotted as (a) vertical and (b) horizontal profiles. 
In the vertical profiles, it can be observed that the simulated profiles match 
the theoretical description depicted in Figure 1. Both, the isotopic enrich-
ment toward the evaporation front and the depletion in the dry domain of the 
porous medium are simulated. Further, we observe how the soil column dries 
out over time as the evaporation front propagates downwards. The drying of 
the soil and so the evaporation front can be retraced by the corresponding 
saturation and temperature profiles (Appendix B: Figure B1).

In the horizontal profiles, the spatial distribution across the x-axis of the 
isotopologues and their fractionation behavior is visible. As the flow profile 
is developed from the left side and we consider conduction at all boundaries 
of the porous-medium domain, a spatial variation in isotopic composition can 

Figure 2. Initial and boundary conditions for analyzing stable water isotopic fractionation during evaporation. The problem 
is discretized using 100 cells/m in the vertical direction and with 400 cells/m (porous-medium domain) and 100 cells/m 
(free-flow domain) in the horizontal direction. A vertical grid refinement toward the interface region is used. Initially, the 
porous-medium domain is uniformly saturated, and the isotopologues are equally distributed.

Table 1 
Spatial Parameters of Yolo Light Clay

Parameter Value

Porosity 𝐴𝐴 𝐴𝐴 0.35

Permeability 𝐴𝐴 𝐴𝐴 1.23E-14 m 2

Residual saturation of non-wetting phase 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛 0.00

Residual saturation of wetting phase 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤 0.00

Van Genuchten parameter 𝐴𝐴 𝐴𝐴 2.221

Van Genuchten parameter 𝐴𝐴 𝐴𝐴 0.0005 Pa −1

Solid density 𝐴𝐴 𝐴𝐴𝑠𝑠 1,300 kg m −3

Solid thermal conductivity 𝐴𝐴 𝐴𝐴𝑠𝑠 0.5 W m −1K −1

Solid heat capacity 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝 1,300 J kg −1K −1
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be observed. As seen in the vertical isotopic profiles, the isotopic species are either enriched or depleted in the 
porous-medium domain. During stage-I evaporation, the isotopologues enrich over the whole column width. As 
evaporation progresses, the upper layers of the porous-medium domain dry completely, and the isotopologues are 
depleted because the influence of the atmosphere with low isotopic concentration increases.

In our study, we analyze how the different stages of evaporation influence the enrichment of the water isotopo-
logues. In Figure 4, the temporal isotopic composition and the liquid saturation evolution for different soil column 
depths and the corresponding evaporation rate are plotted. We can see that during stage-I evaporation, where 
evaporation rates are higher, the isotopic composition first enriches before depletion. This enrichment peak is 
here referred to as “stage-I peak.” Afterward, during the transition to stage-II evaporation, we observe another 
peak in isotopologue composition, which we refer to as “stage-II peak.”

During stage-I evaporation, the isotopologues first enrich due to their lower vapor pressure relative to ordinary 
water. As the soil begins to dry, the isotopic composition decreases as isotopologue-depleted air from the atmos-

Figure 3. Isotopic composition 𝐴𝐴 𝐴𝐴
𝑖𝑖

𝑙𝑙
 over time. (a) Vertical liquid water isotope composition profiles in the middle of the soil column (at 0.05 m width) at selected days; 

(b) horizontal liquid water isotope composition profiles at −0.01 m soil column depth at selected days.

Figure 4. Influence of evaporation behavior on the isotopic fractionation process in different soil column depths over time. 
(a, b) Isotopic composition 𝐴𝐴 𝐴𝐴

𝑖𝑖

𝑙𝑙
 ; (c) liquid phase saturation; (d) evaporation rate over a 120 days period.
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phere intrudes into the drying soil. At a certain state of drying the porous medium reaches the residual saturation. 
The evolution of the dry zone for our scenario can be traced in Figure 4c. With no mobile liquid water at the 
surface, further evaporation is limited by vapor transport in the gas phase. Compared to before, isotopic species 
are enriching again, leading to a second peak. In this stage, the intrusion of air from the atmosphere is decreasing, 
as the air volume in the porous medium does not change much anymore. However, lighter water isotopologues are 
still evaporating from the remaining liquid water, resulting in an increase in the isotopic composition. This leads 
to the second peak, the “stage-II peak.” When drying further, eventually the water saturation reaches zero and the 
isotopologue composition decreases again.

These peaks in isotopologue composition are also described in various other modeling studies, for example, for 
unsaturated soils by Barnes and Allison (1983). In their study they consider a soil with a dry layer on top, that is 
dominated by vapor transport. This described peak corresponds to our “stage-II peak” mentioned in this work.

In Figure 4, we show that the isotopic composition over time for various depths can be used to gain further 
insights into the evaporation and isotopologue transport processes. In the first soil layer, we only observe a stage-I 
peak. As this cell is located at the interface, the cell directly dries out when the atmospheric demand can no longer 
be supplied. In the other depths, the impact of the transition between stage-I and stage-II evaporation becomes 
more visible. However, with increasing soil depths, the evolution of the stage-I peak becomes less dominant as 
soils further from the surface are less impacted by the atmospheric evaporation demand.

4.2. Study of Fractionation Process

Mathieu and Bariac (1996) proposed a qualitative study to verify the isotopic enrichment of their isotope trans-
port model. The aim of this study is to check on the influencing fractionation parameters by isolating each 

specific parameter. In Table 2, the isolated parameters used in the model for 
this process study are summarized.

In Figure 5, the results of our fractionation study are displayed. The frac-
tionation process is analyzed for the vertical isotope profiles for 𝐴𝐴

2
𝐻𝐻

1
𝐻𝐻𝐻𝐻 

and 𝐴𝐴 𝐴𝐴
18

2
𝑂𝑂 . The study cases are performed with the same model setup as 

described in Section 3 and with the same drying conditions (𝐴𝐴 v𝑥𝑥 = 0.1 m/s, 
50  days period). In the Appendix B (Figure  B2), the corresponding mole 
fraction profiles of water and its isotopologues in the liquid phase are plotted 
to enhance our understanding of fractionation processes.

•  Case 1 - No isotopic fractionation: All factors which lead to isotopic 
fractionation (vapor pressure difference, liquid and gaseous diffusion 
coefficients, isotopic composition gradient between free-flow and 
porous-medium domain) are neglected. Hence, no significant frac-
tionation compared to the initial state is obtained (max. deviation for 

𝐴𝐴 𝐴𝐴
18

2
𝑂𝑂 𝑂 0.199% and for 𝐴𝐴

2
𝐻𝐻

1
𝐻𝐻𝐻𝐻  < 0.030%). As we are observing an 

evaporation process, a concentration gradient toward the soil surface is 
formed (vapor zone). However, as water and its isotopes are both evap-
orating with the same slope, the isotopic composition remains constant.

Table 2 
Parameter Change for Fractionation Process Study

Case Description Gas pressure 𝐴𝐴 𝐴𝐴
𝑖𝑖 Gas diffusion coeff. 𝐴𝐴 𝐴𝐴

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑔𝑔 Liq. diffusion coeff. 𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂𝑂𝑂𝑂

𝑙𝑙
Mole fraction in 𝐴𝐴 Ω𝑓𝑓𝑓𝑓

1 No fractionation 𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂 𝐴𝐴 𝐴𝐴

𝐻𝐻2𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑔𝑔  𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑂𝑂
 𝐴𝐴 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔
= 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

2 Only equilibrium fractionation 𝐴𝐴 𝐴𝐴
𝑖𝑖 𝐴𝐴 𝐴𝐴

𝐻𝐻2𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑔𝑔  𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑂𝑂
 𝐴𝐴 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔
= 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

3 Only kinetic fractionation 𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂 𝐴𝐴 𝐴𝐴

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑔𝑔  𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑂𝑂
 𝐴𝐴 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔
= 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

4 Only liquid diffusion 𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂 𝐴𝐴 𝐴𝐴

𝐻𝐻2𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑔𝑔  𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂𝑂𝑂𝑂

𝑙𝑙
 𝐴𝐴 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔
= 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

5 Reference 𝐴𝐴 𝐴𝐴
𝑖𝑖 𝐴𝐴 𝐴𝐴

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑔𝑔  𝐴𝐴 𝐴𝐴
𝐻𝐻2𝑂𝑂𝑂𝑂𝑂

𝑙𝑙
 𝐴𝐴 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔
< 𝐴𝐴

𝑖𝑖

𝑔𝑔𝑔𝑔𝑔𝑔𝑔 

Figure 5. Process behavior of isolated parameters that influence the isotopic 
fractionation at 50 days. Isotopic composition 𝐴𝐴 𝐴𝐴

𝑖𝑖

𝑙𝑙
 of ordinary water and its 

isotopes.
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•  Case 2 - Only equilibrium fractionation: The equilibrium fractionation factor describes the tendency of 
a component to separate from a mixture. By enabling the difference in vapor pressure of the isotopes, the 

equilibrium fractionation is reintroduced (𝐴𝐴 𝐴𝐴
𝐻𝐻

16

2
𝑂𝑂

𝑔𝑔  = 1801.4 Pa, 𝐴𝐴 𝐴𝐴
2
𝐻𝐻

1
𝐻𝐻𝐻𝐻

𝑔𝑔  = 1659.88 Pa, 𝐴𝐴 𝐴𝐴
𝐻𝐻

18

2
𝑂𝑂

𝑔𝑔  = 1782.51 Pa). 
The isotopologues enrich toward the evaporation front due to phase equilibrium conditions. In the vapor 
zone, the composition remains nearly constant since there is no transport in the liquid phase anymore once 
the residual saturation is reached. Nearly fully dried, the influence of equilibrium fractionation is greatly 

reduced. In our case, 𝐴𝐴
2
𝐻𝐻

1
𝐻𝐻𝐻𝐻 is more likely to partition from ordinary water than 𝐴𝐴 𝐴𝐴

18

2
𝑂𝑂 (𝐴𝐴 𝐴𝐴

2
𝐻𝐻

1
𝐻𝐻𝐻𝐻

𝑒𝑒𝑒𝑒  = 0.921, 

𝐴𝐴 𝐴𝐴
𝐻𝐻

18

2
𝑂𝑂

𝑒𝑒𝑒𝑒   = 0.990).
•  Case 3 - Only kinetic fractionation: Compared to Case 1, the binary gas diffusion coefficient is reintro-

duced for the isotopologues (𝐴𝐴 𝐴𝐴
𝐻𝐻

16

2
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑔𝑔   = 2.36e −5m 2s −1, 𝐴𝐴 𝐴𝐴
2
𝐻𝐻

1
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

𝑔𝑔  = 2.30 e −5m 2s − 1, 𝐴𝐴 𝐴𝐴
𝐻𝐻

18

2
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑔𝑔  = 2.29 e −5m 2s −1). 
Enabling the gas diffusion coefficient leads to an increase of the isotopic composition in the unsaturated zone 
as the isotopologues diffuse slower due to the lower diffusion coefficient, and subsequently to a decrease in 
the gaseous zone toward the isotopic-depleted free-flow concentration.

•  Case 4 - Only liquid diffusion coefficient: The liquid diffusion coefficient of the isotopologues is propor-

tional to the self-diffusion coefficient of pure water (𝐴𝐴 𝐴𝐴
𝐻𝐻

16

2
𝑂𝑂𝑂𝑂𝑂

𝑙𝑙
= 𝑎𝑎

𝑂𝑂
𝐴𝐴

𝐻𝐻
16

2
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑙𝑙𝑂𝑂

𝑙𝑙
 [Mathieu & Bariac, 1996]). As the 

liquid diffusion may influence the mixing behavior of the isotopologues in the saturated and unsaturated zone, 
we isolate the liquid diffusion coefficient instead of only using the self-diffusion coefficient of water for the 

isotopic species (𝐴𝐴 𝐴𝐴
𝐻𝐻

16

2
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑂𝑂
  = 1.819 e −9m 2s −1, 𝐴𝐴 𝐴𝐴

2
𝐻𝐻

1
𝐻𝐻𝐻𝐻

𝑙𝑙
 = 1.789 e −9m 2s − 1, 𝐴𝐴 𝐴𝐴

𝐻𝐻
18

2
𝑂𝑂

𝑙𝑙
 = 1.759 e −9m 2s −1). The liquid 

diffusion coefficient itself does not majorly affect the fractionation process as the advective term in the mass 
balance (capillary uptake) dominates the mixing and flow process in this case (compared to the initial state 
max. deviation for 𝐴𝐴 𝐴𝐴

18

2
𝑂𝑂  < 0.122% and for 𝐴𝐴

2
𝐻𝐻

1
𝐻𝐻𝐻𝐻  < 0.019%).

•  Case 5 - Reference: As a reference, we enable all factors leading to fractionation. The results show both, a 
high enrichment toward the evaporation front (as in Case 2) and a depletion toward the soil surface (Cases 
3 + 4).

4.3. Variation of Free-Flow Domain Model

In the previous sections, investigations have been focused on laminar flow problems. However, when considering 
realistic atmospheric conditions with higher wind velocities, turbulent flow conditions must be regarded as well. 
As stated above, many studies have been focused on integrating turbulent mixing into the isotopic fractionation 
process by adapting the kinetic fractionation factor (e.g., Quade et al., 2018). By changing our free-flow - porous 
medium coupled transport model by using the RANS equations and choosing a 𝐴𝐴 𝐴𝐴 − 𝜔𝜔 -model turbulence model as 
described in Section 2 and in Coltman et al. (2020) and Heck et al. (2020), the evaporation is affected leading to 
different fractionation processes compared to laminar flow assumptions.

The velocity profile in the free-flow domain evolves from left to right from a block velocity profile to a fully 
developed flow profile for turbulent flow. For the laminar cases, a parabolic velocity profile is set on the left side, 
and from that, the flow profile develops. In Figure 6, the different flow scenarios are schematically displayed. The 
different flow scenarios affect the diffusive flux near the interface, which further influences the evaporation rate 
at the soil surface (Figure 7) and so the isotopic composition inside the porous medium (Figure 8). As we want 
to show the variety of our free-flow model, we chose realistic flow scenarios for our laminar and turbulent flow 
cases. Since laminar flow mostly occurs indoors or under controlled conditions the boundary conditions for the 
laminar case resemble a wind tunnel. As isotopic fractionation is an environmental issue, we are also interested in 
outdoor conditions. Therefore, we choose the turbulent case boundary conditions which are suitable to replicate 
outdoor conditions, without a closed top at the upper boundary.

For our analysis of the influence of different flow conditions on isotopic composition, we test different free-flow 
velocities (Table 3). The turbulent flow problems result in different evaporation rates and evaporation profiles 
(Figure 7), as the maximum evaporation rate is higher and the duration of stage-I is shortened by increasing the 
flow velocity.

In the previous section, we hypothesized that the stage of evaporation (stage-I/stage-II) will have a crucial influ-
ence on the isotopic fractionation behavior in the porous medium. Thus, we analyze the isotopic distribution (in 
the vertical and horizontal direction) during different evaporation states and for different velocities (Figure 8). 



Water Resources Research

KIEMLE ET AL.

10.1029/2022WR032385

11 of 18

We compare the different flow cases among each other during stage-I and stage-II and for the transition zone 
between those stages. With this in mind, simulation times are selected such that all cases reached similar evap-
oration stages. However, due to the great difference in evaporation rates, it is not possible to separate the stages 
for all cases completely. In order to make conclusions about the role of temperature and saturation the temporal 
evolution of these parameters at the top of the soil column is attached (Appendix B: Figure B3).

4.3.1. Vertical Isotopic Distribution

 • Stage-I Evaporation: In this stage, isotopic fractionation is characterized by equilibrium fractionation. In 
this stage, both the laminar and the turbulent flow problems show a similar behavior. Both flow scenarios 
enrich toward the soil surface. However, compared to the turbulent flow, the laminar cases enrich less toward 
the soil surface. If the laminar and the turbulent cases are compared among themselves, it can be observed 

that the variation in wind speed affects the laminar cases more than the 
turbulent cases. This can be observed in the isotopic composition and in 
the gradient. This is due to the higher evaporation rates seen in the turbu-
lent cases. Thus, the influence of the equilibrium fractionation is reduced 
and therefore less difference can be seen in the isotopic composition. 
However, some differences are still visible. The highest velocities lead 
to the highest enrichment. A reason for this is the different temperatures 
during stage-I evaporation. Higher evaporation rates lead to substantial 
evaporative cooling. The equilibrium fractionation process is temperature 
sensitive, and lower temperatures lead to lower equilibrium fractionation 
factors which means more partitioning of the isotopologues.

 • Transition: A mixed representation of different evaporation states is visi-
ble at this point in the simulation. Where the laminar cases are still in stage-I 
evaporation, the turbulent cases are in different stages of the transition into 
stage-II evaporation. Thus, the interpretation of the turbulence impact on the 
isotopic composition in this zone is not absolute, but we regard one represent-
ative time. However, in all three turbulent cases, we observe that near the soil 
surface (−0.01 to −0.02 m) the peak in isotopic composition has decreased 
in comparison with stage-I evaporation.

Figure 6. Influence of the boundary layer thickness developed by (a) laminar, (b) turbulent flow on mass transfer at the 
interface. We assume that the mass transfer is limited at the interface region, boundary layers form based on the present flow 
type and that outside the formed boundary layer the flow is fully mixed.

Figure 7. Evaporation rates over time for turbulent (dashed) and laminar 
(straight) flow problems.
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Figure 8. Spatial isotopic composition in the porous-medium domain for different flow problems (Laminar: Cases 1, 2 (solid lines); Turbulent: Cases 3–5 (dashed 
lines)). Shown are vertical (𝐴𝐴 𝐴𝐴  = 0.05 m) and horizontal (𝐴𝐴 𝐴𝐴 = 0.39 m) isotopic profiles for different evaporation states. (a) Stage-I evaporation (𝐴𝐴 𝐴𝐴  = 2 days), (b) 
Transition evaporation (𝐴𝐴 𝐴𝐴  = 10 days), (c) Stage-II evaporation (𝐴𝐴 𝐴𝐴   = 35 days).
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While in the transition zone, the soil temperature raises again due to lower 
evaporation rates and less evaporative cooling. Then the equilibrium frac-
tionation does not affect the isotopic composition that much anymore and 
kinetic fractionation becomes more dominant.

Since the laminar cases are still in stage-I evaporation, the isotopic frac-
tionation behavior remains similar to the previous stage. However, one may 
notice that the surface isotopic composition is increased as was observed in 
the turbulent cases (see Figure 8a). The wind velocities affect the speed of 
enrichment at the soil surface and the drying of the porous medium but do not 
significantly affect the maximum isotopic composition at the surface.

 • Stage-II Evaporation: Here, all cases are in stage-II evaporation and 
all cases have developed the characteristic peak of the isotopologues. 
The turbulent cases show a similar behavior. Only minor deviations in 
the maximal enrichment are visible. For laminar flow, we observe that 
the maximum enrichment is greater for higher wind velocities, while the 
evaporation front is nearly on the same level. Still, higher wind velocities 
lead to drier soil, which in turn affects the peak in isotopic composition.

4.3.2. Horizontal Isotopic Distribution

The impact of the varied free-flow conditions and the subsurface thermal boundary conditions can be observed 
by evaluating the spatial distribution of the isotopic composition at different depths parallel to the interface.

The influence of the different wind velocities is visible in terms of the evolution of the isotopic composition. 
As observed in the vertical profiles, the enrichment in the turbulent cases proceeds faster than in the laminar 
cases. Again, the influence of the different evaporation stages of the different flow problems is visible. In stage-I 
and stage-II the isotopic composition increases, whereas the isotopic composition is decreasing in the transition 
zone. During stage-I and stage-II the isotopic composition of the turbulent cases shows only minor deviations in 
comparison with the laminar cases. While in the transition zone, in which the evaporation state varies for each 
case, the spatial distribution of the turbulent cases is also varying considerably. Here, the spatial isotopic compo-
sition of a developed evaporation front (Case 5), a forming evaporation front (Case 4), and a surface evaporation 
front (Case 3) are displayed. Further, the effects of decreasing evaporation rates and less evaporative cooling on 
the horizontal distribution of the isotopic composition during different evaporation steps can be observed here.

Considering the spatial variation of the isotopic enrichment within the single cases, the one-dimensional assump-
tion is for most cases sufficient. In addition, the applied conduction boundary condition in the porous medium of 
our virtual case has also a crucial impact on the enrichment of the isotopologues. For special cases, as observed 
in our laminar cases, a larger change in isotopic composition is possible along the horizontal axis.

5. Summary and Outlook
In this work, we presented a bare soil evaporation and stable water isotopologue transport and mixing scenario 
which was analyzed using different free-flow conditions. By using appropriate coupling conditions which ensure 
mass, momentum, and energy transfer across the free-flow and porous medium domain, we were able to simulate 
fractionation processes which occur due to evaporation from soils.

Considering laminar conditions, it is shown that the coupled model can reproduce the characteristic enrichment 
peaks in isotopic composition during the evolution of the evaporation front, as well as the depletion of isotopo-
logues in the dry soil during the drying of the soil. Further, a correlation between the isotopic composition and 
the different stages of evaporation can be observed. In the isotopic composition at certain levels, the impact of 
the different stages of evaporation is visible as during stage-I a first peak in the isotopic composition is observed 
and a second peak appears in stage-II evaporation. In an additional study, we test the robustness of our model 
by separating the processes of equilibrium and kinetic fractionation. The effect of wind velocity and turbulent 
mixing on the isotopic composition in soil is studied. For that, we use a RANS approach for the description of 
the turbulent flow in the free-flow. This analysis allows us to further study the influence of the evaporation rate 
and the evaporation stages on the isotopic composition. The temperature-sensitive equilibrium fractionation is 

Table 3 
Turbulence Parameter

Case Conditions Flow velocity [ms −1] Reynolds number [-]

1 Laminar 0.1 𝐴𝐴 𝐴𝐴𝐴𝐴𝐷𝐷  = 1,678

2 Laminar 0.13 𝐴𝐴 𝐴𝐴𝐴𝐴𝐷𝐷  = 2,181

3 Turbulent 0.5 𝐴𝐴 𝐴𝐴𝐴𝐴𝐿𝐿  = 2.01e4

4 Turbulent 1.0 𝐴𝐴 𝐴𝐴𝐴𝐴𝐿𝐿  = 4.03e4

5 Turbulent 3.0 𝐴𝐴 𝐴𝐴𝐴𝐴𝐿𝐿  = 1.21e5

Note. For parabolic flow profiles, the characteristic length of the Reynolds 
number (𝐴𝐴 𝐴𝐴𝐴𝐴𝐷𝐷 ) is the diameter of the wind tunnel (𝐴𝐴 𝐴𝐴  = 0.25 m) and for initial 
block profile flow (𝐴𝐴 𝐴𝐴𝐴𝐴𝐿𝐿 ), we use the length between the starting point of the 
free-flow domain and the porous-medium domain (𝐴𝐴 𝐴𝐴   = 0.6 m).
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affected by higher evaporation rates as higher evaporative cooling leads to a higher partitioning of isotopologues. 
In stage-II evaporation, where the kinetic fractionation is more dominant, we observe a variation in the isotopic 
compositions of the different flow conditions: The turbulent flow cases have similar characteristic peaks in the 
isotopic composition, but the laminar flow cases show a greater influence of the wind velocity on the isotopic 
transport.

With the coupled model concept presented in this work, the transport and mixing of stable water isotopologues 
during soil-water evaporation can be described. We solve transport equations for ordinary water, its isotopo-
logues, and dry air in the porous medium and the free-flow and use suitable coupling conditions to describe 
the mass, momentum, and energy conservation between the domains. Information about fractionation processes 
within soils can be derived without the need of using parameterized factors which account for the fractionation 
process, as used in other existing models. Thus, the coupled transport model can be used as a supportive tool to 
further specify the parameterization of fractionation processes (especially for the kinetic fractionation at the free-
flow - porous medium interface). Note, that besides the absence of parameterizations to describe the fractionation 
processes, our model relies on equations that have some limitations and assumptions, for example, the choice of 
suitable coupling conditions (Coltman et al., 2020; Yang et al., 2018). The presented model can be used to further 
analyze specific parameters which are known for having an influence on the fractionation and evaporation behav-
ior (e.g., degree of soil saturation, soil texture, and atmospheric conditions) and thereof support experimental 
findings and extend known fractionation factors for 1D simulations or field-scale applications. Here, different 
concepts for coupling the free-flow and the porous medium, but also for modeling different turbulent free-flow 
scenarios are available in the simulation environment DuMu x.

Further, the presented model can be expanded for various scenarios and realistic conditions, such as surface 
topology (Coltman et  al.,  2020), radiation (Heck et  al.,  2020) or precipitation (without surface run-off) and 
inflow events. The coupling of the free-flow and the porous medium domain also allows us to use atmospheric 
measurements (which are often conducted 2 m above the soil surface) and account for the convective transport 
in the free-flow region. Thus, in future work, we can validate our model using field-scale lysimeter experiments. 
Additionally, the presence of salt concentration in soil waters affects the evaporation rate and so the fractionation 
process (Sofer & Gat, 1975), as salt precipitation and concentration instabilities occur during the evaporation 
process in the porous medium (Shokri-Kuehni et al., 2020). The effect of salinity on the fractionation process 
could be further investigated in the context of this model.

Appendix A: Isotopologue Specific Parameters
Equations A1–A3 describe the binary diffusion coefficients for the isotopologues in the gas 𝐴𝐴 𝐴𝐴

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑔𝑔  and the liquid 

phase 𝐴𝐴 𝐴𝐴
𝐻𝐻

16

2
𝑂𝑂𝑂𝑂𝑂

𝑙𝑙
 in m 2s −1. 𝐴𝐴 𝐴𝐴

𝐻𝐻
16

2
𝑂𝑂𝑂𝐴𝐴𝑂𝑂𝑂𝑂

𝑔𝑔  (m 2s −1) refers as the binary gas diffusion coefficient of 𝐴𝐴 𝐴𝐴
16

2
𝑂𝑂 -air, 𝐴𝐴 𝐴𝐴  (K) denotes 

the temperature and 𝐴𝐴 𝐴𝐴 (Pa) describes the gas pressure.

Table A1 provides the isotopologue-specific parameters used in Equations A1–A3 and which have been mentioned 
in Section 3. Further, the table informs about the isotopologue-specific parameter described in Section 2.1.

𝐷𝐷
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑔𝑔 =
𝐷𝐷

𝐻𝐻
16

2
𝑂𝑂𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑔𝑔

𝑏𝑏𝐴𝐴

 (A1)

𝐷𝐷
𝐻𝐻

16

2
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝑔𝑔 = 2.17 ⋅ 10
−5 1𝑒𝑒5

𝑝𝑝

𝑇𝑇

273.15

1.88

 (A2)

𝐷𝐷
𝐻𝐻

16

2
𝑂𝑂𝑂𝑂𝑂

𝑙𝑙
= 𝑎𝑎𝑂𝑂 ⋅ 10

−9
exp

(

−

(

−535400

𝑇𝑇 2
+

1393.3

𝑇𝑇
+ 2.1876

)

 (A3)
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Parameter definition Parameter name Value

Binary liquid diffusion coefficient for “𝐴𝐴 𝐴𝐴
16

2
𝑂𝑂  - i” Mathieu and Bariac (1996)

Proportional factor 𝐴𝐴 𝐴𝐴
𝐻𝐻

18

2
𝑂𝑂
 0.9669

Proportional factor 𝐴𝐴 𝐴𝐴2𝐻𝐻1𝐻𝐻𝐻𝐻 0.9833

Binary gaseous diffusion coefficient for “air - i” Merlivat (1978)

Proportional factor 𝐴𝐴 𝐴𝐴
𝐻𝐻

18

2
𝑂𝑂
 1.0285

Proportional factor 𝐴𝐴 𝐴𝐴2𝐻𝐻1𝐻𝐻𝐻𝐻 1.0251

Isotopic vapor pressure coefficients Van Hook (1968)

𝐴𝐴 𝐴𝐴
18

2
𝑂𝑂 

A 1,991.1

B −4.1887

C 0.001197

𝐴𝐴
2
𝐻𝐻

1
𝐻𝐻𝐻𝐻 

A 26,398.8

B −89.6065

C 0.075802

Table A1 
Isotopic Parameter Definitions for Diffusion Coefficients and Vapor Pressures

Appendix B: Additional Results of Numerical Analysis
In the following, we present additional numerical results which support the understanding and the findings 
in Section 4. Figure B1 represents the saturation and temperature profiles accomplishing the isotope profiles 
in Figure 3. The qualitative study presented in Section 4.2 is reinforced by the corresponding mole fractions 
(Figure B2). The findings of Section 4.3 are accompanied by temperature and saturation profiles at the top of the 
sand column in order to make this more relatable to the respective evaporation rate. Figure B3 represents these 
values over time.

Figure B1. Vertical liquid saturation and temperature profiles for different simulation days for laminar flow scenario 1 in 
correspondence to Figure 3.
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Data Availability Statement
All code relevant to obtaining the numerical examples is implemented in DuMu x (Koch et al., 2021) and can be 
found under Gitlab (git.iws.uni-stuttgart.de/dumux-pub/Kiemle2022a). Additionally, the code and the numerical 
data set to reproduce the results are available in the data repository of the University of Stuttgart (DaRUS) and can 
be accessed via the following sources: Kiemle and Heck (2022a) (numerical data set), Kiemle and Heck (2022b) 
(code).

Figure B3. Temporal liquid saturation, temperature and isotopic composition 𝐴𝐴 𝐴𝐴
𝑖𝑖

𝑙𝑙
 progression at the top of the soil column 

(−0.001 m) for different flow problems (Laminar: Cases 1, 2 (solid lines); Turbulent: Cases 3–5 (dashed lines)).

Figure B2. Process behavior of isolated fractionation parameter at 50 days. Corresponding mole fraction 𝐴𝐴 𝐴𝐴
𝑖𝑖

𝑙𝑙
 of ordinary water 

and its isotopic species to the fractionation process study shown in Figure 5.

http://git.iws.uni-stuttgart.de/dumux-pub/Kiemle2022a
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