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Summary 

Water scarcity is an increasing challenge to global agriculture in times 
of climate change and world population growth. Understanding water 
loss through evapotranspiration becomes critical for sustainable wa-
ter management practices. A major part of this water loss is caused 
by soil evaporation, especially in arid regions, where it can account for 
up to 95% of water loss.  

Despite its importance, significant knowledge gaps remain in model-
ing and monitoring complex energy and mass transfer processes that 
drive soil evaporation. Current modeling approaches range from sim-
plified isothermal models to complex non-isothermal multi-phase 
models with varying degrees of accuracy.  

Furthermore, field and laboratory measurements face technical chal-
lenges, such as capturing diurnal water flux variations or controlling 
experimental conditions like in wind tunnel studies. 

With our research we aimed to address some of these limitations by 
testing and comparing different model approaches against high-fre-
quency laboratory and field measurements. Our goal was to identify 
under which conditions simplifications used in evaporation models 
are appropriate. 

Therefore, in our first study we used the FAO Penman-Monteith 
method combined with soil water flow simulations using the Richards 
equation for predicting soil evaporation. The model was evaluated us-
ing lysimeter measurements. Needed soil hydraulic properties were 
estimated from soil texture using the ROSETTA pedotransfer func-
tions, from in situ measured water retention curves, or from soil sur-
face water contents using inverse modeling.  

We found that the Richards equation approach adequately predicted 
cumulative evaporation but could not capture diurnal dynamics due 
to neglecting vapor transport processes in the soil. The results de-
pended strongly on the chosen set of soil hydraulic properties. In situ 
measured soil properties produced much better predictions than tex-
ture-based estimations. Moreover, soil surface structure has a major 
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impact on evaporation rates, e.g. tillage can reduce total evaporation 
rates and limit water movement from deeper layers to the surface. 

In our second study we analyzed evaporation-driven enrichment of 
heavier water isotopologues in unsaturated porous media by compar-
ing two different numerical models, SiSPAT-Isotope and DuMux, with 
experimental data. 

The main difference between both models is the handling of very dry 
soil conditions. In DuMux, the soil can dry out completely, whereas in 
SiSPAT-Isotope the soil does not become drier than the residual water 
content. This leads to similar simulation results of heavy isotopologue 
enrichment if the residual water saturation is low. For high residual 
water saturations, SiSPAT- Isotope simulated considerably lower 
heavy isotopologue enrichment than DuMux. 

Furthermore, in SiSPAT- Isotope we increased the laminar boundary 
layer thickness in the free air flow over time to reproduce a decrease 
in evaporation rates. This was necessary due to numerical instabilities 
but consequently led to incorrect simulation of the location of the 
evaporation front and isotopic ratio profiles. 

We compared our simulations with experimental data and concluded 
that diffusive transport processes in the laminar boundary layer and 
in the dried-out surface soil layer need to be adequately represented 
in the model to reproduce isotopologue enrichment profiles in the 
soil. 
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Samenvatting 

Waterschaarste is een steeds grotere uitdaging voor de wereldwijde 
landbouw in tijden van klimaatverandering en groei van de 
wereldbevolking. Inzicht in waterverlies door evapotranspiratie wordt 
cruciaal voor duurzaam waterbeheer. Een groot deel van dit 
waterverlies wordt bepaald door bodemverdamping, vooral in droge 
gebieden, waar dit tot 95% van het waterverlies kan veroorzaken.  

Ondanks het belang van bodemverdamping blijven er grote hiaten in 
de kennis over het modelleren en monitoren van complexe energie- 
en massatransferprocessen die de bodemverdamping aandrijven. De 
huidige modelbenaderingen variëren van vereenvoudigde isotherme 
modellen tot complexe niet-isotherme meerfasenmodellen met 
verschillende nauwkeurigheid.  

Bovendien hebben veld- en laboratoriummetingen te maken met 
technische uitdagingen, zoals het waarnemen van variaties in 
verdampingsfluxen tijdens een dag of het controleren van de 
experimentele omstandigheden in windtunnelstudies. 

Met ons onderzoek wilden we bepaalde beperkingen aanpakken door 
verschillende modelbenaderingen te testen en te vergelijken met 
hoogfrequente laboratorium- en veldmetingen. Ons doel was om te 
bepalen onder welke omstandigheden bepaalde vereenvoudigingen 
in verdampingsmodellen geschikt zijn. 

In onze eerste studie gebruikten we de FAO Penman-Monteith 
methode gecombineerd met simulaties van de bodemwaterstroming 
met behulp van de Richards vergelijking voor het voorspellen van de 
bodemverdamping. Het model werd geëvalueerd met behulp van 
lysimeter-metingen. De benodigde hydraulische eigenschappen van 
de bodem werden geschat op basis van de bodemtextuur met behulp 
van de ROSETTA pedotransferfuncties, op basis van in situ gemeten 
waterretentiecurven of op basis van het watergehalte aan het 
bodemoppervlak met behulp van inverse modellering.  

We ontdekten dat de Richards-vergelijking de cumulatieve 
verdamping adequaat voorspelde, maar de dagelijkse dynamiek niet 
kon weergeven doordat damptransportprocessen in de bodem 
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werden verwaarloosd. De resultaten waren sterk afhankelijk van de 
gekozen set van hydraulische bodemeigenschappen. In situ gemeten 
bodemeigenschappen leverden veel betere voorspellingen op dan op 
textuur gebaseerde schattingen. Bovendien heeft de structuur van het 
bodemoppervlak een grote invloed op de verdampingssnelheden, 
bijv. grondbewerking kan de totale verdampingssnelheden 
verminderen en de waterbeweging van diepere lagen naar het 
oppervlak beperken. 

In onze tweede studie analyseerden we verdampingsgedreven 
aanrijking van zwaardere water isotopologen in onverzadigde poreuze 
media door twee verschillende numerieke modellen te vergelijken: 
SiSPAT-Isotope en DuMux, met experimentele gegevens. 

Het belangrijkste verschil tussen beide modellen is de beschrijving 
van zeer droge bodemomstandigheden. In DuMux kan de bodem 
volledig uitdrogen, terwijl in SiSPAT-Isotope de bodem niet droger kan 
worden dan het residuele vochtgehalte. Dit leidt tot vergelijkbare 
simulatieresultaten voor de aanrijking van zwaardere isotopologen 
indien de residuele waterverzadiging laag is. Voor hoge residuele 
vochtgehaltes simuleerde SiSPAT-Isotope een aanzienlijk lagere 
aanrijking van isotopologen dan DuMux. 

Verder hebben we in SiSPAT- Isotope de dikte van de laminaire 
grenslaag in de vrije luchtstroom vergroot in de tijd om een afname 
van de verdampingssnelheid te reproduceren. Dit was nodig vanwege 
numerieke instabiliteiten, maar leidde tot een onjuiste simulatie van 
de locatie van het verdampingsfront en het 
isotopologueieconcentratieprofiel. 

We vergeleken onze simulaties met experimentele gegevens en 
besloten dat diffusieve transportprocessen in de laminaire grenslaag 
en in de uitgedroogde bodemlaag aan het oppervlak correct 
gerepresenteerd moeten worden om aanrijkingsprofielen van 
isotopologen in de bodem te reproduceren 
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Abbreviations and Symbols 

Latin symbols 

Symbol Unit Definition 
𝑎𝑣𝐺  m-1 Inverse of the air entry value 
BL  Bad Lauchstädt soil 
𝑏 - Parameter describing soil geome-

try 
𝐶𝑣

𝑖𝑎  kg m-3 Isotopic concentration at the at-
mosphere 

𝐶𝑣
𝑖𝑠 kg m-3 Isotopic concentration at the soil 

surface 
𝐶𝛼

𝑖  kg m-3 Isotopic concentration in phase 𝛼 
𝑐𝑠 J kg-1 K-1 Specific heat capacity 
𝑐𝛼 J kg-1 K-1 Heat capacity of phase 𝛼 
𝐷𝑣 m2 s-1 Vapor diffusion coefficient 
𝐷𝑣

𝑖  m2 s-1 Isotopic vapor diffusion coefficient 
𝐷𝛼

𝜅,𝑗 m2 s-1 Binary diffusion coefficient 

𝐷𝛼,𝑝𝑚
𝜅  m2 s-1 Effective diffusion coefficient 

DBM  Bimodal model of Durner 
DD  Dedelow soil 
𝐸 mm d-1 Evaporation 
𝐸𝑐𝑢𝑚 mm Cumulative evaporation 
𝐸𝑐𝑢𝑚,𝐼 m Cumulative evaporation during 

stage-I 
𝐸𝑚 mm d-1 Measured evaporation rates 
𝐸𝑝𝑜𝑡 mm d-1 Potential evaporation rate 
𝐸𝑠𝑖𝑚 mm d-1 Simulated evaporation rate 
𝐸𝑖 kg m-2 s-1 Surface isotopic flux 
𝐸𝑇 mm d-1or kg Evapotranspiration 
𝐸𝑇0 mm d-1 Reference evapotranspiration 
𝑒𝑎 kPa Mean daily ambient vapor pressure 
𝑒𝑠𝑎𝑡

0  kPa Mean saturated vapor pressure 
FAO  Food and Agriculture Organization 

of the United Nations 
𝑔 m s-2 Gravitational acceleration 
𝐻 W m-2 Sensible heat flux 
𝐻𝑔 J m2 s-1 Heat flux 
ℎ m Matric pressure head 
ℎ𝑖 m Initial water pressure head 
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Symbol Unit Definition 
ℎ𝛼 J kg -1 Specific enthalpy 
𝐼 mm d-1 Irrigation 
𝐾𝑙,ℎ    m s-1 Isothermal hydraulic conductivity 

for liquid flow 
𝐾𝑙,𝑇   m s-1 Thermal hydraulic conductivity for 

liquid flow 
𝐾𝑟,𝛼 - Relative hydraulic conductivity 
𝐾𝑠,𝛼 m s-1 Saturated hydraulic conductivity 

for phase 𝛼 
𝐾𝑡𝑖𝑙𝑙𝑒𝑑 m s-1 Hydraulic conductivity of a tilled 

surface 
𝐾𝑣,ℎ m s-1 Isothermal hydraulic conductivity 

for vapor flow 
𝐾𝑣,𝑇 m s-1 Thermal hydraulic conductivity for 

vapor flow 
𝐾𝛼 m s-1 Hydraulic conductivity of phase 𝛼  
𝑘𝑎 m2 Soil permeability 
𝑘𝑖 m2 Intrinsic permeability  
𝑘𝑟,𝛼 - Relative permeability of phase 𝛼 
𝑘𝑠 m2 Saturated or absolute permeability 
𝑘𝛼 m2 Effective permeability 
𝐿𝑐 m Characteristic length of evapora-

tion 
𝐿𝑣 J kg -1 Latent heat vaporization 
𝐿𝐸 W m-2 Outgoing latent heat flux 
𝑙 - Pore connectivity 
M𝐻2𝑂 g mol-1 Molar mass of water 
Mi g mol-1 Isotopic molar mass 
𝑚𝑡𝑜𝑡𝑎𝑙 kg Total mass 
𝑚𝑣𝐺  - Shape parameter (van Genuchten) 
𝑚𝑖 kg Mass of the isotopic species 
𝑁𝐾  - Particle number 
𝑛 mol Moles 
𝑛𝑐 - Pore size distribution index 

(Brooks-Corey) 
𝑛𝐾 - Kinetic exponent 
𝑛𝑣𝐺  - Pore-size distribution index (van 

Genuchten) 
𝑛𝑖 mol Moles of isotopic species 
𝑛′𝐾 - Kinetic exponent 
𝑃 mm d-1 Precipitation rate 
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Symbol Unit Definition 
𝑃𝑖 kg or mm Precipitation 
PDI  Peter-Durner-Iden 
PM  Penman-Monteith method 
PTF  Pedotransfer function 
𝑝𝑐  Pa Capillary pressure 
𝑝𝑔 Pa Gas phase pressure 
𝑝𝑠𝑎𝑡,𝐾𝑒𝑙𝑣𝑖𝑛

𝜅  Pa Kelvin pressure 
𝑝𝑙  Pa Liquid phase pressure 
𝑝𝛼  Pa Phase pressure 
𝑄𝑔 W m-2 Soil heat flux 
𝑞𝐾 kg m-3 s-1 Source/sink term 
𝑅 J mol-1 K-1 Universal gas constant 
𝑅𝑁 W m-2 Incoming net solar radiation 
𝑅𝑉𝑆𝑀𝑂𝑊  - Reference isotopic ratio given by 

the Vienna Standard Mean Ocean 
Water 

𝑅𝛼
𝑖  - Isotopic ratio in phase 𝛼 

𝑅𝐻 - Relative humidity 
𝑅𝑀𝑆𝐷𝑢  Unsystematic difference 
𝑅𝑀𝑆𝐷𝑠  Systematic difference 
𝑟𝑎 s m-1 Aerodynamic resistance factor 
𝑟𝑎𝑇 s m-1 Turbulent aerodynamic resistance 
𝑟𝑎𝑚 s m-1 Molecular aerodynamic resistance 
𝑟𝑎𝑣 s m-1 Bulk surface aerodynamic re-

sistance for water vapor 
𝑟𝑖 s m-1 Resistance to isotopic species 

transport 
𝑟𝑠 s m-1 Surface bulk resistance 
𝑆 mm Water storage 
𝑆𝑒𝑣𝑎𝑝 m d-0.5 Soil desorptivity 
𝑆𝑙 - Liquid saturation 
𝑆𝑔 - Gas saturation 
𝑆𝑤𝑒 - Effective wetting saturation  
𝑆𝑤𝑟 - Residual water saturation 
𝑆𝛼 - Phase saturation 
SB  Sauerbach soil 
SE  Selhausen soil 
SHP  Soil hydraulic properties 
𝑆𝑅 mm d-1 Surface runoff losses 
𝑇 K Temperature 
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Symbol Unit Definition 
𝑇𝑟 mm d-1 Transpiration 
𝑇𝑟𝑒𝑓  K Reference temperature 
𝑡 s Time 
𝑢 m s-1 Friction velocity 
𝑢2 m s-1 Wind speed at 2 m above the 

ground 
𝑢𝛼 J kg-1 Specific internal energy 
vG - Van Genuchten 
vGM - Van Genuchten Mualem 
𝑉𝑝𝑜𝑟𝑒  m3 Pore volume 
𝑉𝑡𝑜𝑡𝑎𝑙 m3 Total volume 
𝑉𝛼 m3 Phase volume 
𝑣 m2 s-1 Air kinematic viscosity 
𝒗𝛼 m s -1 Fluid phase velocity  
𝑊𝐿 kg Lysimeter weight 
𝑊𝑇 kg Seepage tank weight 
𝑤 kg kg-1 Weight of the pore domain to total 

pore volume 
𝑋𝛼

𝜅  kg kg-1 Mass fraction of component 𝜅 in 
phase 𝛼 

𝑧𝑜𝑚 m Roughness length 
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Greek symbols 

Symbol Unit Definition 
𝛼 - Priestly-Taylor coefficient 
𝛼𝑒𝑞

𝑖  - Equilibrium fractionation factor 
𝛼𝑖𝐾  - Kinetic fractionation factor 
𝛼𝑣𝐺  m-1 Empirical van Genuchten 

shape parameter 
𝛽𝑖 - Factor relating liquid and vapor 

concentration 
𝛾 kPa °C-1 Psychometric constant 
∆ kPa °C-1 Slope of the saturation vapor 

pressure 
𝛿 - Adaptive threshold 
𝛿𝑧 m Boundary layer thickness 
𝛿𝑖 ‰ Isotope delta notation 
𝜀 - Error 
𝜃 m3 m-3 Volumetric water content 
𝜃𝑖 m3 m-3 Initial water content 
𝜃𝑙 m3 m-3 Volumetric liquid water con-

tent 
𝜃𝑟 m3 m-3 Residual volumetric water con-

tent 
𝜃𝑠𝑎𝑡 m3 m-3 Saturated volumetric water 

content 
𝜃𝑠𝑢𝑟 m3 m-3 Soil surface volumetric water 

content 
𝜃𝑣 m3 m-3 Water vapor content expressed 

in volume of liquid water 
𝜆 MJ kg-1 Latent heat of evaporation 
𝜆𝑝𝑚 W m-1 K-1 Effective thermal conductivity 
𝜆𝑠 W m-1 K-1 Solid thermal conductivity 
𝜇𝛼 Pa s Dynamic fluid viscosity 
𝜌𝑎 kg m-3 Air density 
𝜌𝑠 kg m-3 Mass density of the solid phase  
𝜌𝑤 kg m-3 Water density 
𝜌𝛼 kg m-3 Mass density of phase 𝛼 
𝜎 N m-1 Surface tension of the-gas-fluid 

phase 
𝜎𝑔 - Geometric standard deviation 

of geometric mean diameter 
𝜏 - Tortuosity factor 
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Symbol Unit Definition 
𝜙 - Porosity 
𝜓 Pa Matric potential 
𝜔 - Averaging window width 

 

Indices and exponents 

Symbol Definition 

𝑎𝑖𝑟 Dry air 
𝑎 Air/atmosphere 
𝛼 Phase 
𝑐 Capillary 
𝑐𝑢𝑚 Cumulative 
𝑒𝑞 Equal 
𝑓𝑓 Free-flow 
𝑔 Gaseous phase 
𝐻2𝑂 Water 
𝑖 Isotopologue 
𝑙 Liquid phase 
𝑚 Measured 
𝑝𝑚 Porous-medium domain 
𝑟𝑒𝑓 Reference 
𝑠 Solid phase/ soil 
𝑠 Saturated 
𝑡 Time interval 
𝑣 Vapor 
𝑣𝐺 Van Genuchten 
𝑤 Wetting phase/water 
𝑤𝑒 Effective wetting 
𝑤𝑟 Residual water 
𝜅 Component 
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1 General Introduction and Objectives 

1.1 Introduction 

Water is one of the most critical resources for sustainable agricultural 
development worldwide(Chartzoulakis & Bertaki, 2015). Climate 
change and the expected growth of the world population will increase 
irrigated areas and consequently water demand. However, more 
freshwater will be required to meet the increasing demand of domes-
tic and industrial use, leading to water supplies being diverted from 
agriculture (Assouline et al., 2015; Rost et al., 2008).  Global irrigation 
water use reached 2500 km³ a-1, representing ca. 70 % of total human 
blue water use. The global agricultural blue water consumption in-
cluding transpiration, bare soil evaporation, water bodies and cano-
pies amounts to 90 % of overall blue water consumption (Rost et al., 
2008). Additionally, the expected changes in precipitation and 
drought patterns associated with global warming will increase water 
scarcity (Dai, 2011; Lehmann et al., 2019). Dai (2011) analyzed the 
Palmer Drought Severity Index (PDSI) for the period 1900-2008 and 
identified extensive drying across Africa, East Asia, South Asia, and 
several other regions between 1950 and 2008, largely attributable to 
global warming. During this time, the proportion of the world’s land 
area classified as dry increased by approximately 1.74 % per decade. 

Nowadays, agriculture consumes up to 70 % of the world’s water re-
sources, with particularly high consumption in semi-arid and arid re-
gions(Boretti & Rosa, 2019).  To fulfill the demand for agricultural 
products from an increasing global population, agriculture must ex-
pand and therefore will require more water for irrigation(Beier et 
al., 2023). Accurate estimations of water demand in agricultural areas 
are important for effective agricultural water management. Proper 
water management is important to face challenges of a growing global 
population and a growth in crop production (Chukalla et al., 2025).  

The second largest component of the terrestrial water balance is 
evapotranspiration (ET) after precipitation (Volk et al., 2024). The Food 
and Agriculture Organization of the United Nations (FAO) defines ET 
as a combination of two processes, evaporation from the bare soil 
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surface and transpiration from the plant canopy, both processes de-
scribe water losses to the atmosphere by a phase transition from liq-
uid to gas. Evaporation and transpiration occur simultaneously(Allen 
et al., 1998; Jensen & Allen, 2016). 

In the global hydrological cycle, approximately 60% of precipitation on 
land returns to atmosphere by soil evaporation (ca. 20%) or by tran-
spiration (ca. 40%) (Oki & Kanae, 2006 in Or et al., 2013). Schlesinger 
and Jaseschko (2014) compared 81 studies that have partitioned 
evapotranspiration into its components, and summarized that soil 
evaporation in these studies represents ca. 20 - 40% of global evapo-
transpiration. Within continental hydrologic partitioning, most evapo-
ration (65 % ± 26 %) originates from soils rather than from surface wa-
ters such as rivers and streams (Good et al., 2015). Van der Ent et al. 
(2010) used an accounting procedure based on ERA‐Interim reanaly-
sis data to calculate moisture recycling ratios. They estimated that 
approximately 40% of terrestrial precipitation is derived from land-
surface evaporation, and that 57% of the total terrestrial evaporation 
subsequently falls again as precipitation over land. A field study in a 
semiarid ponderosa pine forest conducted over four years showed the 
significance and temporal variability of evapotranspiration in the wa-
ter balance. In this study the water budget was dominated by ET which 
accounts for ca. 95% of precipitation (Brandes & Wilcox, 2000).  

Evaporation from soil is predominant when crops are small, and the 
soil surface is bare for many weeks (Mellouli et al., 2000). At the time 
of sowing, nearly 100% of ET originates from bare soil evaporation (Al-
len et al., 1998). During this period, soil moisture content in the upper 
soil layer is critical for plant growth, including seed germination, seed-
ling establishment and the growth of young crops.  

For rainfed agriculture in arid and semiarid regions, bare soil causes 
significant soil moisture loss, negatively impacting the crop yield. In 
Tunisia, a study conducted over a time period of 20 years found that 
bare soil evaporation accounted for 75% of annual precipitation(Riou, 
1977 in Mellouli et al., 2000). Similarly, in Syria up to 75% of soil mois-
ture is lost by bare soil evaporation under barely (Cooper et al., 1987 
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in Mellouli et al., 2000). Information about bare soil evaporation pro-
cesses is crucial for water management practices such as irrigation 
scheduling, weather forecasting, and water resource management 
(Gebler et al., 2015; Hu et al., 2018; Jung et al., 2010; Yang et al., 2000 
in Gong et al., 2025). 

The following sections provide a brief introduction to the fundamen-
tals of bare soil evaporation, measurement methods, and modeling 
approaches, followed by the research objectives and research con-
ducted as part of this thesis. Finally, we conclude with the results and 
give an outlook on future research. 

 

1.2 Vadose Zone and Bare Soil Evaporation 

The vadose zone, also known as the unsaturated zone, plays a signifi-
cant role in the hydrologic cycle. It is defined as the geologic layer ex-
panding from the land surface to the groundwater table of the first un-
confined aquifer (Stephens et al., 2018) (Figure 1-1). Water movement 
in the vadose zone or unsaturated flow is driven by capillary and grav-
itational forces. Unsaturated flow in the soil is closely linked to flow 
processes at the soil surface such as infiltration during rainfall events, 
upward liquid water flow towards evaporation surfaces and down-
ward liquid flow that drains and redistributes water during dry periods 
(Arora et al., 2019; Hillel, 2004). Evaporation from the soil surface in-
volves a combined process of heat and mass transfer, with rates in-
fluenced by energy input, diffusive and advective transport processes 
in the soil, and diffusive and turbulent mixing in the air flowing over the 
soil surface (Haghighi & Or, 2013). It is influenced by the relative hu-
midity of the air and the flow regime of the surrounding atmosphere 
(Mosthaf, Helmig, & Or, 2014). 

 



4  

 

Figure 1-1: Schematic display of processes between atmosphere, vadose 
zone and groundwater. Water precipitates from the atmosphere on 
the surface where it runs off or is infiltrating into the porous medium. 
The unsaturated zone of the porous medium is called vadose zone and 
controls water infiltration rates, movement and storage within the 
subsurface influencing plant growth, groundwater recharge and sur-
face water dynamics. Above the saturated porous medium / ground-
water storage, there is a capillary fringe where water is drawn by capil-
lary action. Due to root water uptake and therewith transpiration as 
well as evaporation processes, water returns to the atmosphere. 

Soil evaporation follows a three stage process (Figure 1-2) (Idso et al., 
1974). During the first stage, evaporation is driven by atmospheric 
conditions, the limiting factor for the evaporation rate is the amount 
of available energy to vaporize soil moisture in the upper soil layer and 
by vapor pressure deficit between surface and atmosphere. First 
stage evaporation can be compared to evaporation of free water sur-
faces (Bittelli, et al., 2008). Due to a relatively constant drying rate this 
stage is termed constant-rate period (Mosthaf et al., 2014). 

When the water content in the upper soil layer decreases and the 
evaporative demand at the surface cannot be met by the liquid con-
nections supplying the interface, the second stage of evaporation be-
gins. During this stage, evaporation is constrained by the diffusive 
transport of water in the soil, both in the liquid and gas phases. Diffu-
sive liquid water flow does not refer to molecular diffusion here but to 
a flow process that is driven by a gradient in water pressure, which 
corresponds to gradient in water content or liquid water ‘concentra-
tion’, while the flow due to gravity is neglected. The liquid water flow 
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diffusivity is equal to the water conductivity divided by the water ca-
pacity of the soil, i.e. the change in water content with a change in wa-
ter pressure. Diffusive water transport in the gas phase, i.e. vapor 
transport, is driven by vapor concentration gradients and occurs by 
molecular diffusion, governed by the effective diffusion coefficient in 
soil. As long as the diffusive processes are not limited by the presence 
of a boundary deeper in the soil across which no diffusive transport 
can take place, the evaporation rate during stage-II decreases in-
versely proportional with the square root of time: 

1
( )stage IIE t

t
−   1-1 

When the evaporation process becomes limited by a deeper soil 
boundary, e.g., when the soil below the wetted surface layer is signif-
icantly drier, diffusion of vapor and liquid water is no longer well de-
scribed by a semi-infinite domain. Under these conditions, evapora-
tion departs from diffusion-controlled behavior and transitions to 
Stage III evaporation, which is characterized by an exponentially de-
creasing evaporation rate (Brutsaert, 2014). 

 

Figure 1-2: Schematic figure of evaporation stages from a porous medium. 
Soil evaporation proceeds through three stages: an energy-limited 
constant-rate stage controlled by atmospheric demand (stage-I), fol-
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lowed by a diffusion-limited stage in which declining water content re-
stricts vapor and liquid transport within the soil (stage-II). In stage-III, 
diffusive transport to the evaporating surface is limited by a no-flow 
boundary condition deeper in the soil. 

 

1.3 Soil as a Porous Medium 

Often the upper layer of the vadose zone is formed by a porous me-
dium, such as soil. A porous medium is defined as a material contain-
ing interconnected void spaces or pores, through which liquids and 
gas can move. Pore size, shape and distribution of pores can vary and 
influence transmission and storage abilities. The solid phase of soil is 
composed of mineral particles of varying sizes and shapes, along with 
organic matter. The interactions between the solid, liquid, and gase-
ous phases create a dynamic system of ongoing chemical and biolog-
ical processes, resulting in continuously evolving soil properties 
(Yaron et al., 1996).  

 

1.3.1 State Variables and Soil Hydraulic Properties 

To describe water and air flow and retention in soil, state variables, 
hydraulic properties and their parametric representation are needed. 

State variables characterize the instantaneous condition of water and 
air in the soil. Important state variables are saturation (𝑆), capillary 
pressure (𝑝𝑐), which is closely related to the matric potential (𝜓) of the 
soil water, and gravitational potential or height.  

Soil hydraulic properties (SHPs) describe how the air and water 
phases behave as a function of the state variables, for example the 
water retention curve relating saturation or water content (𝜃) to the 
capillary pressure or the matric potential. Another example is the hy-
draulic conductivity function relating hydraulic conductivity to satura-
tion or matric potential. Quantities such as porosity (𝜙), permeability 
(𝑘), and saturated hydraulic conductivity (𝐾𝑠) define limits for those 
relationships.  
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Soil hydraulic properties can be represented by models such as the 
van Genuchten-Mualem or Brooks-Corey hydraulic conductivity 
model (Brooks & Corey, 1964; van Genuchten, 1980). For those mod-
els parameters are needed which can be determined by parameter es-
timation methods such as pedotransfer functions (PTFs). PTFs are 
used to derive parameters from already available soil information 
such as texture or bulk density. Alternatively, parameters may be ob-
tained from laboratory measurements or inverse modeling. 

 

1.3.1.1 State Variables 
Saturation 

Saturation (𝑆) [-] refers to the proportion of the pore space filled with 
a specific phase 𝛼. The sum of all phase saturations equals one (Eq. 
1-3) (Mosthaf, 2014): 

pore

V
S

V


 =  1-2 

1S


=  1-3 

For describing the water accessibility and availability for transport, 
the effective wetting phase saturation 𝑆𝑤𝑒 is mostly used. It refers to 
the degree to which the soil is saturated in relation to its ability to hold 
water at a given tension or matric potential. In the following 𝑆𝑤𝑒 is de-
scribed as a function of the residual water (wetting) saturation 𝑆𝑤𝑟, 
the saturation  𝑆𝑤, the residual gas (non-wetting) saturation 𝑆𝑛𝑟 (van 
Genuchten, 1980):  

1

w wr
we

wr nr

S S
S

S S

−
=

− −
 1-4 

𝑆𝑤𝑒 can also be described by using volumetric water content which is 
defined as 𝜃 =  ϕ𝑆𝑤, using the residual water content 𝜃𝑟 =  ϕ𝑆𝑤𝑟  and 
the saturated water content 𝜃𝑠𝑎𝑡 = ϕ(1 −  𝑆𝑛𝑟) [m-3 m-3], where 𝜙 is 
the porosity of the porous medium (Fetzer, 2018): 
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pore

total

V

V
 =  1-5 

𝑉𝑝𝑜𝑟𝑒  [m3] is the ratio of the pore volume and 𝑉𝑡𝑜𝑡𝑎𝑙 [m3] the total vol-
ume of the porous medium: 

𝑆𝑤𝑟 and 𝜃𝑟 represent the residual saturation or water content that re-
mains in the soil and cannot be removed by applying higher capillary 
pressure or matric potential gradients over a soil volume. It can be in-
terpreted as the water content at which the remaining water content 
is not connected anymore and does not flow when a pressure or po-
tential gradient is applied. 
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Capillary Pressure 

The geometry of the pore space and the different wetting energies of 
the solid phase by gas and liquid phases govern the distribution of 
these phases and the geometry of their interfaces, which is character-
ized by the interface curvature, in the porous medium. Surface ten-
sions of gas-liquid interfaces result in pressure jumps across curved 
gas-liquid interfaces, which are proportional to the curvature of the 
interface. Soil particle surfaces are typically water-wettable which 
means that energy is released when air at the particle interface is re-
placed by water so that water pressure is lower than the air pressure. 
The capillary pressure 𝑝𝑐  [Pa] can be defined as the difference be-
tween the pressure in the gas (air) phase 𝑝𝑔 (non-wetting) [Pa] and the 
liquid (water) phase 𝑝𝑙  (wetting) [Pa] in a porous medium (Class, 
2007):  

c g lp p p= −  1-6 

 

Matric Potential and Matric Potential Head 

The matric potential (ψ) [Pa] refers to the change in energy per volume 
of water of an infinitesimal volume of free water, which is originally at 
the same pressure as the gas phase in the porous medium, when it is 
added to porous medium without changing the water saturation. The 
water pressure in the porous medium is equal to: 

l g cp p p= −  1-7 

Given that the initial pressure of the free water is at 𝑝𝑔 [Pa], it follows 
that the change in energy per volume of added free water is: 

l g cp p p = − = −  1-8 

Instead of defining the energy per volume of water, it can also be de-
fined as the energy per weight of water, i.e. in terms of heads, ℎ [m]. 
This definition of water potentials per weight is generally used in soil 
and groundwater hydrology. Given that the weight per volume of water 
is equal to the mass density of water, w [kg m−3], multiplied by the 
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gravitational acceleration 𝑔 [m s-2]. The matric potential head is re-
lated to 𝜓 and the capillary pressure as (Hillel, 2004): 

c

w w

p
h

g g



 
= = −  1-9 

 

Gravitational Potential 

The gravitational potential is the energy to move water (or air) from a 
reference level to a certain height 𝑧 in a gravitational field. For water at 
elevation 𝑧, the gravitational potential energy per unit mass is 𝑔𝑧. 
When the energy is divided by the volume, gravitation potential has 
units of pressure (𝜌𝑔𝑧), and when expressed per unit weight, it has 
units of length (elevation head 𝑧) (Hillel, 2004). 

 

1.3.1.2 Soil Hydraulic Properties 
Capillary Pressure-Saturation Curve or Water Retention Curve 

Increasing capillary pressure leads to air invasion in larger pores and 
decreasing water saturation (𝑆𝑙) [-], while the water phase becomes 
confined to smaller pores that support larger air-water interface cur-
vatures. The relation between capillary pressure and water saturation, 
𝑝𝑐(𝑆𝑙), or its analogue, the relation between capillary pressure head 
and volumetric water content, ℎ(𝜃), is a property of the porous me-
dium that is related to the pore size distribution, the wettability of the 
solid particles, and the surface tension of the air-water interphase 
(Bear, 2014).  

 

Permeability and Conductivity 

Soil permeability, 𝑘𝛼 [m²] refers to the ability of the soil to transmit a 
fluid phase 𝑎, air or water, through pore spaces. It is defined as the 
volumetric fluid flux divided by the net force on the fluid per fluid vol-
ume and multiplied by the dynamic fluid viscosity, 𝜇𝛼  [Pa s]. When 
only one fluid is present, the permeability is the saturated or absolute 
permeability, 𝑘𝑠 [m²], which is a property of the porous medium and 
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which does not depend on the fluid properties. When multiple phases 
are present, they can restrict each other’s flow by occupying and 
blocking different pores and pathways (Fetzer, 2018). The relative per-
meability (𝑘𝑟,𝑎) [-] is a measure of the effective permeability of one 
phase and is defined as the ratio of the effective permeability (𝑘𝛼) [m²] 
to the saturated or absolute permeability (𝑘𝑠) [m²] (Levine & Cuthiell, 
1986 in Ghanbarian et al., 2016): 

,r

s

k
k

k


 =  1-10 

 

Figure 1-3: Relation between effective saturation and relative permeability of 
a sandy soil calculated according to van Genuchten (1980).  

Hydraulic conductivity is proportional to the permeability and the pro-
portionality factor depends on the fluid properties. One definition of 
hydraulic conductivity, 𝐾𝑎 [m2 Pa-1 s-1] is the ratio of the volumetric 
fluid flux to the net force on the fluid per unit volume of the fluid: 

k
K 




=  1-11 

In another definition of 𝐾𝑎 [m s-1], which is used in soil hydrology, the 
volumetric flux is divided by the net force on the fluid per weight of wa-
ter of the fluid volume (Bear, 2014): 
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wk g
K 








=  1-12 

Similar to the permeability, the conductivity of a certain phase 𝑎 when 
multiple phases are present is related to the conductivity when all 
pores are filled with that phase, i.e. the saturated conductivity, 𝐾𝑠,𝛼 
multiplied by a relative conductivity, 𝐾𝑟,𝛼, which is equal to the relative 
permeability, 𝑘𝑟,𝑎. 𝐾𝑟,𝛼 and 𝑘𝑟,𝑎 are related to the effective wetting 
phase saturation, 𝑆𝑤𝑒 (Hillel, 2004): 

( ) ( ), ,we s r weK S K k S  =  1-13 

The relationship between conductivity and wetting phase saturation, 
𝐾𝛼(𝑆𝑤𝑒), is another hydraulic property of the soil or porous medium 
that needs to be known in order to describe the flow of fluids as a func-
tion of the state variables. 𝐾𝛼(𝑆𝑤𝑒), depends on the pore size distribu-
tion, the pore connectivity, the tortuosity of the flow paths, and on the 
fluid properties. It also depends on the distribution of the fluid in the 
pores compared to the distribution of the other fluid, which depends 
on whether the fluid is the wetting or non-wetting fluid. Therefore, two 
𝐾𝛼(𝑆𝑤𝑒), or two 𝑘𝑟,𝑎(𝑆𝑤𝑒), relations, i.e., one for the wetting phase 
and one for the non-wetting phase, need to be defined.  

 

1.4 Van Genuchten-Mualem Model 

One of the most used models for describing soil hydraulic properties 
is the van Genuchten-Mualem (vGM) model, it combines the van 
Genuchten (1980) empirical equation for the soil water retention 
curve and the Mualem theoretical model relating the retention curve 
to hydraulic conductivity (Mualem, 1976).  

 

1.4.1 Soil-Water Retention Curve 

The connection between ℎ and 𝜃, which is also known as the water 
retention curve, in soil can be described empirically by the following 
equation (van Genuchten, 1980): 
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where 𝑎𝑣𝐺  [m-1] is an empirical shape parameter inversely related to 
the air-entry pressure, which is the minimum matric suction at which 
air can enter and the soil starts to dry (Tehrani et al., 2019). 𝑚𝑣𝐺  [-] is 
the pore-size distribution index and 𝑛𝑣𝐺  [-] the curve shape parameter, 
both are empirical van Genuchten parameters. The soil-water reten-
tion can also be expressed as a function of saturation (van Genuch-
ten, 1980 in Dourado Neto et al., 2011): 
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here the van Genuchten parameter 𝑎𝑣𝐺  [Pa-1] is pressure based. 

 

1.4.2 Unsaturated Hydraulic Conductivity and Permeabil-
ity 

Mualem (1976) proposed a model that assumes that pores of different 
radii are randomly connected to each other and that the length of a 
pore is proportional to its radius. It relates hydraulic conductivity to 
the soil-water retention curve, which describes the water content and 
the matric potential. Van Genuchten (1980) later used the conceptual 
model of Mualem to develop analytical expressions for the hydraulic 
conductivity based on soil-water retention parameters: 
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with 
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The Mualem model essentially predicts the liquid and gas phase con-
ductivities as a function of effective wetting phase saturation, ac-
counting for pore connectivity through 𝑙 = 0.5 and the shape of the 
water retention curve through parameter 𝑚𝑣𝐺.(Mualem, 1976). 

A disadvantage of the vGM model is that it represents the pore space 
as connected cylindrical tubes or capillaries, that are either com-
pletely filled with water or with air. But at low water contents, film flow 
along particle surfaces and vapor diffusion through air-filled pores be-
come the primary water transport mechanism. These flow and 
transport processes are not represented by vGM model making it less 
reliable for low water contents. Moreover, the  𝜃𝑟 parameter is typi-
cally obtained by curve-fitting to experimental data, which rarely ex-
tends to very dry conditions. This means 𝜃𝑟 values are often extrapo-
lated, leading to unreliable predictions in dry soils. 

In this context, the concept of the residual water content 𝜃𝑟 is seen 
critically. Nevertheless, it remains useful as it represents a threshold 
below which liquid water movement becomes severely restricted, and 
film flow and vapor transport dominate. This transition point effec-
tively marks where water loses its ability to respond to hydraulic gra-
dients in liquid form (Weber et al., 2024). 

 

1.4.3 Handling Dry Conditions 

As written in Chapter 1.4.2, the van Genuchten (vG) model uses 𝜃𝑟 as 
an artificial lower limit at a finite matric potential head to which a soil 
can dry, it should represent the immobile water, but in reality, soils 
continue to lose water slowly even at very high matric potential heads. 
Hence, the vG model underestimates water loss in very dry soils. This 
limitation is illustrated in Figure 1-4. After capillary drainage, the curve 
approaches 𝜃𝑟, implying no further drying regardless of increasing ℎ 
(black curve in Figure 1-4). Several extensions of retention models 
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have been proposed to represent soil drying beyond the capillary do-
main. While differing in their physical assumptions, these models ex-
hibit similar behavior at very high ℎ. As soon as water transport is dom-
inated by film flow along particle surfaces and vapor diffusion through 
air-filled pores, 𝜃 decreases approximately linear with ℎ. For a better 
understanding, a representative linear dry extension is shown in Fig-
ure 1-4 to illustrate the characteristic decrease of 𝜃 with 𝑙𝑛(|ℎ|). 

 

Figure 1-4: A generalized van Genuchten retention curve (black) with a repre-
sentative linear dry extension (blue) to account for soil water be-
havior in the dry (non-capillary) regime. 

Early examples include the Campbell power law formulation and its 
extensions, which allow retention to continue toward zero water con-
tent at finite matric suction (Campbell, 1974). Later approaches, such 
as the extended van Genuchten model of Fayer and Simmons (1995), 
account for adsorptive water by allowing the residual water content to 
vary with matric suction. 

Rudiyanto et al. (2015) refined hydraulic conductivity predictions near 
the wilting point by introducing film flow and pore connectivity factors 
into his model. This approach showed an improved accuracy when 
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tested against measured data from sandy loam soils under extreme 
drying conditions. Weber et al. (2019) proposed a continuous function 
approach that smoothly transitions between wet and dry regions with-
out any artificial breakpoints. They incorporated vapor diffusion pro-
cesses and accounted for temperature effects on water retention.  

The Peters-Durner-Iden (PDI) model was developed to better repre-
sent soil hydraulic properties (water retention and hydraulic conduc-
tivity) across the full moisture range, especially for dry soil conditions 
(Peters et al., 2021). The PDI model addresses the limitation of the vG 
model by incorporating adsorptive water retention mechanisms that 
become important in dry soils when capillary forces are no longer the 
primary retention mechanism. Moreover, it provides a smooth transi-
tion between capillary dominated and adsorption dominated water 
retention regions. It is also using a film component to account for wa-
ter films that form on soil particles in dry conditions (Peters et al., 
2024). 

Current soil models still face challenges and limitations regarding 
modeling dry soil. Most models need parameterization, which limits 
their practical use in field scale modeling (Arthur et al., 2014; Tuller & 
Or, 2005). Moreover, the temperature dependency of soil-water reten-
tion under dry conditions is often oversimplified, especially in models 
that need to function across a wide temperature range. Also, many 
models inadequately represent hysteresis effects in very dry soils, 
where scanning curves become increasingly important. 

 

1.4.4 Pedotransfer Functions 

Direct measurements of SHPs, especially at large scales, are often ex-
pensive, time intensive, invasive, and dependent on both the user and 
the method employed (Vereecken et al., 2010). Pedotransfer func-
tions (PTFs) provide a method for relating SHPs to more easily meas-
urable soil properties, such as soil texture, bulk density, and organic 
matter content. They are made to convert structural and composi-
tional data of soils into functional information that characterizes soil 
behavior (Van Looy et al., 2017). Accurate estimation of unsaturated 
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hydraulic properties is essential for reliable prediction and manage-
ment of water flow and solute transport in soils, as errors in these es-
timates can significantly affect the quality of simulated soil hydrolog-
ical fluxes and states (Montzka et al., 2011).  

The majority of PTFs predict parameters of the Brooks-Corey or the 
vGM hydraulic conductivity model (Weber et al., 2024). The vGM 
model is one of the most used PTFs (Eq. 1-4) and implemented in a 
wide range of soil modeling tools (Kroes et al., 2017; Šimůnek et al., 
2016; Van Looy et al., 2017; Weber et al., 2024).  

Fatichi et al. (2020) applied a parameterization to include biotic soil-
structural features into soil hydraulic functions as PTFs rely mostly on 
soil texture but overlook the critical role of soil structure originating by 
soil biophysical activity. They tested their parameterization against 
common PTF parameters on a local and a global scale. Including the 
soil structure can change the partitioning between infiltration, runoff 
and drainage on a local scale. This effect is especially visible in wet, 
vegetated regions and in fine-textured soil. On a global scale they con-
cluded that the current modelling frameworks may lack sufficient res-
olution or representation of processes (e.g., convective rainfall, lat-
eral flow, macropore flow, land surface heterogeneity) to translate 
soil structure effects into detectable climate impacts. Their results 
demonstrated that both hydrological and vegetation dynamics can be 
significantly influenced with the choice of PTFs. It affects simulated 
fluxes and the stored water content in the water profile consequently. 

Weihermüller et al. (2021) investigated how the choice of PTFs affect 
simulation results of soil water balance fluxes using the HYDRUS-1D 
software to simulate water fluxes under different conditions. They 
tested 12 soil textural classes and 13 PTFs across those classes for 7 
different scenarios (homogeneous layers, layered soils, groundwater 
table fluctuations). They found out that using different PTFs causes 
substantial variability in predicted fluxes causing differences in mod-
elled water balance. Based on their analysis, they suggest that for the 
vGM model SHPs the PTFs by Rosetta are most robust. They empha-
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sized the importance of harmonizing the choice of PTFS when differ-
ent models are compared to avoid uncertainties in results due to 
PTFs.  

Sobaga et al. (2023) examined how well the land-surface model ISBA 
(Interactions between Soil-Biosphere-Atmosphere) simulates soil hy-
drology, in particular soil water drainage. They tested four different 
soil hydraulic parameterizations (Brooks-Corey retention + Brooks-
Corey conductivity, van Genuchten retention + van Genuchten / Mua-
lem conductivity, van Genuchten retention + Brooks-Corey conduc-
tivity and van Genuchten retention + a modified hydraulic conductivity 
curve based on Iden et al. (2015)) to smooth conductivity near satura-
tion and compared them to lysimeter data. They also tested the im-
pact of accounting for vertical heterogeneity in soil hydrodynamic pa-
rameters and the use of in situ parameter estimation versus PTFs. Im-
portant findings were that vertically changing soil properties improve 
simulations of drainage dynamics compared to assuming homoge-
nous profiles, especially retentions curve shapes mattered. The com-
parison of PTFs with in situ parameter estimates show that those dif-
fer from each other significantly, which highlights the risk of using de-
fault PTFs for deep soil profiles.  

 

1.5 Experimental Methods Determining Evaporation 

1.5.1 Lysimeters 

One method to study evaporation processes in the soil is lysimeter ex-
periments. Lysimeters are experimental tools used to study evapora-
tion processes in controlled environments. These instruments allow 
researchers to study water and chemical fluxes through the soil by 
mimicking a small section of soil (soil monolith), capturing water that 
drains from it and measuring the amount that evaporates (Goss & Eh-
lers, 2009).  

Weighing lysimeters provide the most accurate and realistic measure-
ments of ET and precipitation, which are crucial for various inquiries 
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in soil and atmospheric sciences (Peters et al., 2014). Large lysime-
ters help to understand processes taking place at the soil-plant-at-
mosphere interface. Lysimeters have been employed in agricultural 
research to assess groundwater recharge (Yang et al., 2000), track so-
lute transport to groundwater (Schoen et al., 1999), and analyze water 
fluxes at the soil-plant-atmosphere interface (Meissner et al., 2007). 
They are also used in urban settings to investigate surface runoff 
(Nehls et al., 2011). 

The early weighable lysimeters were equipped with lever-arm coun-
terbalance systems (Aboukhaled et al., 1982) and continue to be in 
use today (Nolz et al., 2013). Measurement precision has improved 
and modern lysimeters utilize weighing cells that achieve resolutions 
as fine as 0.01 mm water equivalent (Von Unold & Fank, 2008). The 
precision makes modern weighing lysimeters the most accurate in-
struments available for measuring rainfall, actual evapotranspiration, 
and even dewfall (Meissner et al., 2007). 

Weighable precision lysimeters allow the determination of drainage 
water quantity and quality, but also the estimation of the water fluxes 
at the soil-atmosphere interface (Schrader et al., 2013). Lysimeters 
have been used for quantifying precipitation in the form of rain, snow, 
dew, fog and rime and to determine actual evapotranspiration (Meiss-
ner et al., 2007; Young et al., 1996).  

While calculating precipitation and evapotranspiration through sim-
ple water balance equations is theoretically straightforward, pro-
cessing real-world data presents several challenges. These include 
data gaps, mechanical vibration noise, animal-caused outliers, mass 
offset after sampling, and temperature effects on scale readings (Pe-
ters et al., 2014). Despite these challenges, weighing lysimeters yield 
the most precise and realistic measurements for evapotranspiration 
(ET) and precipitation (P), which are crucial parameters for many soil 
and atmospheric science investigations (Doležal et al., 2018). 

One lysimeter network which monitors changes in the hydrological cy-
cle to observe climate change is the TERENO Project. The TERENO 
Project (TERrestrial ENvironmental Observatories) maintains 14 ly-
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simeter sites across Germany, with a total of 132 installations (Zach-
arias et al., 2011). Part of TERENO is the SOILCan project, which rep-
resents a long-term, large-scale experiment designed to study the ef-
fects of climate and land management changes in terrestrial ecosys-
tems, with particular focus on water, energy, and matter fluxes into 
groundwater and atmosphere (Pütz et al., 2016). 

The TERENO-SOILCan lysimeter network operates at various experi-
mental stations spanning different rainfall and temperature condi-
tions. What makes this network exceptional is that intact soil mono-
liths, excavated locally at different experimental stations, were trans-
ported between sites to expose them to different climate regimes. 
This approach follows the "space-for-time substitution" method, en-
abling us to study how specific soil types respond to varying climatic 
conditions. By transferring the soil monoliths, scientists can simulate 
potential climate changes and compare their impacts on crop yields 
and soil water fluxes with observations from original locations (Groh 
et al., 2020). 

 

1.5.2 Isotope Measurements  

Measuring isotope profiles in soil water has evolved significantly over 
time. Traditional methods like cryogenic extraction and vacuum dis-
tillation were limited by their destructive nature and poor spatial res-
olution (Allison et al., 1987; Barnes & Allison, 1984). A breakthrough 
came with the development of gas-permeable membrane systems 
coupled with laser isotope analyzers (Rothfuss et al., 2013).  

Rothfuss et al. (2015) published a particularly effective non-destruc-
tive method using gas-permeable polypropylene tubing connected to 
a cavity ring-down spectrometer. This experimental setup involved an 
acrylic glass column filled with sand, with membrane tubing installed 
at eight different depths. The membrane tubing is ideal for sampling 
soil water vapor without disturbing the soil as it prevents liquid water 
and soil particles from entering. The column was initially saturated 
with water of known isotopic composition, then allowed to evaporate 



 21 

for 290 days before being rewatered. Daily measurements of 𝛿²𝐻 and 
𝛿¹⁸𝑂 values in the sampled soil water vapor were taken. 

This setup made it possible to continuously monitor the evolution of 
soil water isotope profiles with unprecedented temporal resolution. 
The experiment demonstrated how the evaporation front receded into 
the soil over time, reaching approximately 6 cm depth after 290 days, 
and showed the increasing influence of atmospheric water vapor on 
surface soil layers as the soil dried. 

Our simulations were set up to reproduce a soil-drying experiment of 
Rothfuss et al. (2015). The continuous and high frequency isotopo-
logue dataset enables us to evaluate the simulation models can re-
produce the isotopic fractionation dynamics during soil drying. 

In the laboratory experiment, soil temperature, water content, and 
gas-phase of 𝛿²𝐻 and 𝛿¹⁸𝑂 values were measured at multiple depths 
(0.01, 0.03, 0.05, 0.07, 0.10, 0.20, 0.40, and 0.60 m) within an initially 
water-saturated soil column (inside diameter = 0.11 m, height = 0.6 m) 
filled with sand. Soil temperature was measured at each depth using 
type K thermocouples (Greisinger Electronic GmbH), while water con-
tent was measured using electric conductivity sensors (EC-5, Deca-
gon Devices). Isotopic compositions of both liquid water and water 
vapor were analyzed with a cavity ring-down spectrometer (L1102-i, 
Picarro, Inc.) (Rothfuss et al., 2015). 

In addition to soil measurements, atmospheric conditions 2 m above 
the column were monitored, this includes air temperature, relative 
humidity, and the concentration of the isotopologues in the gaseous 
phase and the evaporation rate. Air relative humidity and temperature 
were monitored with a relative humidity and temperature sensor (RFT-
2, UMS GmbH), and isotope analysis was conducted by passively 
sampling laboratory air through stainless-steel tubing positioned 
0.6 m above the soil surface. 

With this method isotope compositions can be measured at very low 
soil water contents where traditional extraction methods would fail or 
require prohibitively large soil samples. Moreover, the isotope com-
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position of tightly bound water at the soil surface, which would be dif-
ficult to extract with conventional vacuum distillation techniques can 
be measured. 

 

1.6 Heavy Water Isotopologues as Tracers for Evaporation 

Isotopologues are molecular species that have the same molecular 
formula but differ in their isotopic composition (Muller, 1994). And iso-
tope of a given element differs from another isotope of the same ele-
ment by the number of neutrons in its nucleus (Sharp, 2017). 

Heavy stable isotopologue of water, namely 𝐻2
18𝑂 and 𝐻1 𝐻2 𝑂 

(𝐻𝐷𝑂), are well known tracers of water transport because they behave 
almost identically to 𝐻2𝑂 in terms of chemical properties but differ in 
their physical properties during phase change and diffusion (Rothfuss 
et al., 2010). These small differences lead to fractionation effects. 
During evaporation, the heavier isotopologues tend to remain in the 
liquid phase while lighter ones are more likely to evaporate, which cre-
ates a distinct isotopic signature. The isotopic signature allows us to 
distinguish between water from different sources, track water move-
ment in the soil, identify mixing between different water sources and 
determine which water sources plants are accessing. Isotopic signa-
tures are also useful for understanding processes at the soil-atmos-
phere interface (Kiemle et al., 2023; Rothfuss et al., 2010; Zundel et 
al., 1978).  

Generally, isotopologue concentrations are expressed by the isotop-
ologue ratio 𝑅𝛼

𝑖  [-] of species 𝑖 in phase 𝛼. The isotopic ratio is ex-
pressed as the ratio between the number of moles of the rare species 
(heavier isotopologue) 𝑛𝛼

𝑖  [mol] and the number of moles of 𝐻2
16𝑂 

(more abundant lighter isotopologue) (Braud et al., 2005): 
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Because of the small values of 𝑅𝑎
𝑖 , they are typically expressed as rel-

ative differences to a standard expressed as a delta value 𝛿𝛼
𝑖  [‰] 

(Braud et al., 2005): 
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𝑅𝑉𝑆𝑀𝑂𝑊 is a reference value given by the Vienna Standard Mean 
Ocean Water (VSMOW). The value for 𝑅𝑉𝑆𝑀𝑂𝑊is given by (Gonfiatini, 
1978): 

6311.52 10VSMOWR for HDO−=   1-21 

6 18

22005.2 10VSMOWR for H O−=   1-22 

For transport simulations, isotopologue concentrations, which are 
calculated from isotopologue ratios, are used but with mass spec-
trometers, isotope ratios are measured. For 𝐻2

18𝑂, the isotopologue 
ratio is equal to the isotope ratio. For calculating the delta value of 
𝐻𝐷𝑂, the reference isotopologue ratio is twice the isotope ratio (ap-
proximately while neglecting the 𝐻 atoms in 𝐻𝐷𝑂 molecules), but the 
𝛿𝛼

𝑖  values derived from isotope are equal to those derived from isotop-
ologue ratios.  

 

1.7 Isotope Fractionation  

1.7.1 Equilibrium Fractionation 

There are two types of fractionation, equilibrium and kinetic fraction-
ation. Equilibrium isotope fractionation (𝛼𝑒𝑞

𝑖  [-]) refers to the process 
by which isotopes of an element distribute between different sub-
stances or phases in a system at equilibrium due to differences in 
their physical or chemical properties. It is equal to the ratio of the mo-
lecular isotopic ratios in the gas and liquid phases (Braud et al., 2005): 
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While isotopes of the same element share identical electron configu-
rations and fundamental chemical behaviors, their mass differences 
create subtle but significant variations in bond energies and reaction 
kinetics. Lighter isotopes tend to form weaker bonds and are more 
likely to occupy higher energy states, while heavier isotopes form 
stronger bonds and prefer lower energy states (Sharp, 2017). 

The degree of fractionation is inversely proportional to temperature 
for many common isotope exchange reactions, particularly those in-
volving liquid-vapor phase transitions; fractionation effects are more 
pronounced at lower temperatures and diminish as temperature in-
creases in these systems. The corresponding equation for the equilib-
rium fractionation factor is given by Majoube (1971): 
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For HDO and H2
18O, the values of the coefficients are:  
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It is important to note that this temperature relationship can vary de-
pending on the specific physical process involved (such as ice for-
mation, mineral precipitation, or adsorption), where different mecha-
nisms may yield different temperature dependencies. 

The equilibrium fractionation relationship based on mass fraction can 
be written as (Kiemle, 2019): 
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1.7.2 Non-Equilibrium Fractionation 

The first theoretical model explaining isotopic composition of water 
vapor during evaporation (non-equilibrium system) processes was 
proposed by Craig and Gordon (1963). The Craig-Gordon (CG) model 
estimates the isotopic composition of water vapor by considering two 
distinct layers: a laminar layer directly above the air-water interface, 
where transport occurs primarily through molecular diffusion, and a 
turbulent layer above the laminar layer, where transport is dominated 
by turbulent diffusion (Dar et al., 2020). 

Kinetic isotope fractionation arises because isotopes of the same el-
ement have different masses, which affect their behavior during 
chemical reactions or physical processes. Lighter isotopes have 
higher diffusion coefficients than heavier isotopes, allowing them to 
move more rapidly through media. This difference in mobility leads to 
mass dependent transport rates; lighter isotopes generally react 
faster than heavier isotopes because they diffuse more quickly and 
form weaker bonds that break more easily. Unlike equilibrium frac-
tionation, kinetic fractionation occurs in systems that are not at equi-
librium, such as during evaporation or diffusion, and is characterized 
by unidirectional mass transport. 

Mathieu and Bariac (1996) introduced a general formulation proposed 
by Merlivat and Jouzel (1979) of the kinetic fractionation factor. In this 
formulation the kinetic fractionation factor is dependent on the ratio 
of the isotopic vapor diffusion coefficient 𝐷𝑣

𝑖  [m2 s-1] and the vapor dif-
fusion coefficient 𝐷𝑣 [m2 s-1] and on turbulent (𝑟𝑎𝑇 [s m-1]) and molec-
ular (𝑟𝑎𝑚 [s m-1]) resistances to water vapor transfer (Braud et al., 
2005). 
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where 𝑛𝐾 [-] is the kinetic exponent. The ratio of turbulent to molecular 
resistance in water vapor transfer depends on the flow regime. Brut-
saert (1982) formulated different approaches for smooth and rough 
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surfaces based on wind tunnel experimental data. The classification 
of surfaces as smooth or rough is determined using the surface Reyn-
olds number, which relates internal to viscous forces near the surface 
(Braud et al., 2005; Kiemle, 2019). The equations for resistance are: 
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For smooth (laminar) and rough (turbulent) surfaces, respectively. 
With 𝑢 [m s-1] as the friction velocity, 𝑧𝑜𝑚 [m] as the roughness length 
for momentum, 𝑣 [m2 s-1] as the air kinematic viscosity. An alternative 
approach is given by Stewart (1975), which is a simplification of the 
equation of Merlivat and Jouzel (1979) and combines turbulent and 
molecular resistance into one exponent 𝑛′𝐾 (Braud et al., 2005): 
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The exponent is defined as (Mathieu & Bariac, 1996): 
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where 𝜃𝑠𝑢𝑟 [m3 m-3] is the soil surface volumetric water content. Due 
to the dependence of 𝑛′𝐾 on 𝜃𝑟, the residual water content influences 
isotopologue fractionation processes. At very low water contents, the 
exponent is large and kinetic effects become more pronounced. 
Mathieu and Bariac (1996) used 𝑛𝑎=0.5 and 𝑛𝑠=1 leading to 𝑛′𝐾= 0.5 
for a saturated soil and 𝑛′𝐾 = 1 for a dry soil (Braud, Bariac, Gaudet, & 
Vauclin, 2005).  

 

1.8 Soil Water Isotope Profile 

From soil water isotope profiles, it is possible to receive quantitative 
information about soil evaporation flux, locate evaporation fronts and 
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root water uptake depths (Rothfuss et al., 2010). The characteristic 
profile shape for a drying soil can be seen in Figure 1-5. The shape is 
caused by isotope fractionation. 

The isotope ratios in the sublayer are constant at greater depth of the 
soil profile. It is characterized by liquid water and water vapor flow. 
Towards the drying front, heavy isotopes are enriching exponentially. 
Until a maximum of heavy isotope enrichment is reached. The posi-
tion of the maximum heavy isotope enrichment coincides with the lo-
cation of the drying front. Liquid water moves upward through capil-
lary forces to the drying front, where the phase change from liquid to 
vapor predominantly occurs. 

Several processes are important to create the characteristic maxi-
mum in heavy isotope enrichment. This includes equilibrium and ki-
netic fractionation. That leaves the remaining liquid water increasingly 
enriched in heavy isotopes. The position of the maximum heavy iso-
tope enrichment is the result of the interaction between advective and 
diffusive processes: the upward movement of liquid water, the down-
ward molecular diffusion of liquid water with heavy isotope enrich-
ment, vapor diffusion transporting vapor depleted in heavy isotopes 
upward and back-diffusion of atmospheric water vapor. The sharp 
peak forms because below this point, liquid water connectivity allows 
for relatively rapid transport and mixing, while above this point, the 
soil is too dry for liquid water movement, restricting transport primar-
ily to vapor phase diffusion. The steepness of the heavy isotope en-
richment gradient approaching the maximum is controlled by the 
evaporation rate, soil hydraulic properties, and the residence time of 
water at the drying front. Higher evaporation rates typically produce 
more pronounced heavy isotope enrichment. 

Above the drying front is the soil relatively dry and soil water is de-
pleted in heavy isotopes. Here, water transport is dominated by water 
vapor. The depletion of heavy isotopes is due to diffusive mixing of soil 
water which is enriched in heavy isotopes and the atmospheric water 
vapor, which is depleted in heavy isotopes, leading to a gradient in the 
isotope profile (Kiemle, 2019; Rothfuss et al., 2010). 
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Above the soil surface within the laminar boundary layer, the water va-
por is depleted in heavy isotopes primarily through two processes: 
equilibrium fractionation during the initial evaporation and kinetic 
fractionation due to the different diffusion rates of the isotopes while 
passing through the boundary layer. As vapor diffuses upward, the 
lighter isotopes move more quickly through the laminar boundary 
layer, creating additional abundance of light isotopes. In the turbulent 
layer, the water vapor is mixed with atmospheric vapor. The position 
and shape of the isotope profile is not static but responds dynamically 
to changing environmental conditions such as temperature, humidity, 
and precipitation events, which can shift the location of the drying 
front and alter the intensity of heavy isotope enrichment and depletion 
zones. 

Soil water isotope profiles are commonly reported in 𝛿 notation based 
on isotope ratios. Because 𝛿 values are derived from these ratios, the 
profiles can also be expressed in terms of isotopologue ratios, as 𝛿 
values calculated from isotope ratios are equal to those calculated 
from isotopologue ratios when referenced to the same standard (see 
Chapter 1.6). Consequently, 𝛿 based isotope profiles also reflect 
isotopologue fractionation along the soil-atmosphere continuum. 
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Figure 1-5: Schematic profile of heavy isotope enrichment in a drying soil. 
While water is depleted in heavy isotopes in depth, enrichment in-
creases toward the drying front due to isotopic fractionation pro-
cesses. The highest enrichment of heavy isotopes occurs at the drying 
front, gradually decreasing toward the soil surface because of back 
diffusion from atmospheric air, which is depleted in heavy isotopes. 
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1.9 Modeling Evaporation   

Generally, various model approaches in varying accuracies are avail-
able to estimate evaporation. In the following models to solve the wa-
ter balance, energy balance, and coupled water and energy balance 
are briefly described.  

 

1.9.1 Water Balance  

The water balance method helps to understand the movement and 
distribution of water within a defined volume over a specific period of 
time. It accounts for all water inputs, outputs, and changes in storage 
within a system. The basic water balance equation of a soil volume of 
a unit area and given depth for determining bare soil evaporation is 
written as (Burt et al., 2005; Imukova et al., 2016): 

rE P I S SR T= + −  − −  1-30 

Where 𝐸 [mm d-1] is evaporation, 𝑃 [mm d-1] precipitation, 𝐼 [mm d-1] 
irrigation, ∆𝑆 [mm d-1] change in soil water storage, 𝑆𝑅 [mm d-1] de-
notes surface runoff losses and 𝑇𝑟 [mm d-1] transpiration (Burt et al., 
2005). 

 

1.9.2 Energy Balance  

The energy balance method for estimating evapotranspiration relies 
on the concept that the energy required for water to evaporate comes 
from the net radiation available on the Earth's surface. This approach 
represents energy-limited evaporation (stage-I), where the process is 
constrained by available energy rather than by water content in the 
soil. In this method, the total incoming energy (net radiation) is bal-
anced by the energy partitioned into different fluxes, including the out-
going latent heat flux 𝐿𝐸 [W m-2] (evapotranspiration), the incoming 
net solar radiation 𝑅𝑁 [W m-2], the sensible heat flux 𝐻 [W m-2], and the 
soil heat flux 𝑄𝑔 [W m-2] (Figure 1-6). The net solar radiation 𝑅𝑁 in-
cludes both shortwave radiation from the sun and longwave radiation 
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exchanges between the surface and atmosphere. The general surface 
energy balance equation is written as (Xu et al., 2005): 

N gLE R Q H= − −  1-31 

 

Figure 1-6: Vertical energy balance of a soil surface. Showing the total incom-
ing net solar radiation 𝑅𝑁, the outgoing latent heat flux 𝐿𝐸 (evapotran-
spiration), the sensible heat flux 𝐻, and the soil heat flux 𝑄𝑔. 

 

Penman-Monteith Equation 

One of the widely used energy balance methods is the Penman-Mon-
teith (PM) equation (Allen et al., 1998): 
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With 𝜌𝑎  [kg m-3] the air density, 𝑐𝑎 [J kg-1 K-1] the specific heat of dry air 
at constant pressure, 𝑒𝑠𝑎𝑡

0  [kPa] saturation vapor pressure of the am-
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bient air at 2 m height, 𝑟𝑎𝑣 [s m-1] the bulk surface aerodynamic re-
sistance for water vapor, 𝑒𝑎 [kPa] the mean daily ambient vapor pres-
sure, 𝑅𝑁   [J m-2 s-1] the net radiation and 𝑟𝑠 [s m-1] the canopy re-
sistance, ∆ [kPa K-1] the slope of the saturation vapor pressure curve, 
𝛾 [kPa °K-1] psychometric constant. 𝜆 [J g-1] is the latent heat of vapor-
ization and taken as 2.45∙106 J kg-1. Evapotranspiration, 𝐸𝑇 [kg m-2 s- 1], 
is therefore obtained as a mass flux of water (Zotarelli et al., 2010). 
The PM equation was developed to estimate evapotranspiration by 
closing the surface energy balance using meteorological measure-
ments taken in the free atmosphere above the soil surface, thereby 
avoiding the need for direct measurements at the surface itself. With 
the exception of the soil heat flux, which is either assumed to be neg-
ligible when energy fluxes are averaged over longer time scales (e.g., 
daily) or estimated empirically as a fraction of the net radiation, all re-
maining terms are derived from atmospheric variables. Soil surface 
variables that influence the energy balance, such as surface temper-
ature and surface vapor pressure, are eliminated through linearization 
of the relationship between saturation vapor pressure and tempera-
ture, allowing them to be expressed in terms of measurable air tem-
perature and humidity. 

The equation was updated by the FAO (Allen et al., 1998) using the 
FAO-56 PM equation (Eq. 1-33). In this approach, the equation is sim-
plified by assuming constant canopy and aerodynamic parameters for 
a clipped grass reference crop. In reality, canopy resistance varies 
with stomatal conductance, leaf area index (LAI), and crop height, 
while aerodynamic resistance also depends on crop height and LAI. 
Furthermore, net radiation depends on the albedo of the canopy. All 
of these parameters vary over time and between different crops, and 
stomatal conductance additionally depends on plant water potential, 
which is related to soil water content. 

To overcome this complexity, a hypothetical reference surface repre-
senting a well-watered grass vegetation was introduced with fixed ref-
erence parameters: a crop height of 0.12 m, a surface resistance of 
70 s m⁻¹, and an albedo value of 0.23. By introducing this reference 
surface, which corresponds to a well-watered grass canopy, the PM 
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equation is expressed in FAO-56 form using fewer variables and con-
stant factors. It should be noted that these factors are calculated ra-
ther than empirical; however, they are derived under the assumption 
that the other variables in the equation have specific units. The units 
of the variables are given below: 
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In particular, net radiation (𝑅𝑁) and soil heat flux (𝑄𝑔) are expressed in 
MJ m-2 d-1, air temperature (𝑇) in °C, vapor pressure (𝑒) in kPa, wind 
speed (𝑢2) in m s⁻¹ measured at 2 m height, and reference evapotran-
spiration (𝐸𝑇0) in mm d-1. The units of the variables used in the FAO-56 
formulation are summarized below. For bare soils the PM equation is 
only applicable for the mainly energy driven stage-I evaporation but 
not for stage-II evaporation where evaporation is constrained by the 
soil hydraulic properties. For stage-II evaporation, a soil evaporation 
reduction coefficient 𝐾𝑟 [-] must be used. 𝐾𝑟 equals one as long as the 
surface remains wet (stage-I evaporation) as soon as the water con-
tent in the upper soil becomes limiting, 𝐾𝑟 decreases linearly until it 
reaches zero. A 𝐾𝑟 value of zero corresponds to a dried-out topsoil, 
where all water available for evaporation has evaporated (Allen et al., 
1998). 

 

Energy Balance by Priestly and Taylor 

Priestly and Taylor (1972) (PT) developed a simplified energy balance 
approach for modeling reference evapotranspiration. The model as-
sumes that evapotranspiration processes are only energy limited and 
that there is an optimal partitioning of the energy between sensible 
and latent heat: 
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where 𝛼 is the Priestley-Taylor coefficient [-], 𝛥 [kPa °C-1] is the slope 
of the saturation vapor pressure curve. The PT method is widely used 
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in hydrologic and crop models to calculate reference evapotranspira-
tion under conditions of sufficient water availability (Su & Singh, 
2023). 

 

1.9.3 Coupled Water and Energy Balance  

Coupled water and energy balance methods are employed to model 
the interactions between water and energy fluxes in natural systems, 
such as soil, vegetation, and the atmosphere. These methods con-
sider both water movement (via processes like evaporation and infil-
tration) and energy exchange (through mechanisms like radiation, 
sensible heat, and latent heat flux). Models based on coupled water 
and energy balance simulating their dynamics at different scales are 
for example, APSIM (Agricultural Production Systems Simulator) 
(Keating et al., 2003) or HYDRUS-1D (Šimůnek et al., 1998). These 
models simulate soil moisture movement, runoff, infiltration and 
evapotranspiration, using hydrological parameters. They also simu-
late energy exchange processes, including radiation, sensible heat, 
and latent heat fluxes. Hence, these models can predict crop yield, 
water availability and land use impacts. 

 

1.9.3.1 Isothermal One Component One Phase Equation, Rich-
ards Equation 

The Richards equation describes water movement within the unsatu-
rated soil in the vadose zone. In the mass balance equation by Rich-
ards the net flow rate into the volume equals the increase rate of the 
water plus the source term in a control volume (Zha et al., 2019). The 
one-dimensional form of Richards equation can be expressed as: 
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where 𝑡 [s] is the time; 𝐾𝑙,ℎ   [m s-1] is the isothermal hydraulic conduc-
tivity for liquid flow and ℎ [m] is the pressure head of the liquid phase. 
To solve Richards equation, appropriate boundary conditions need to 
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be specified for example exchanges between the soil and the atmos-
phere are represented through these boundary conditions, such as a 
prescribed flux boundary for infiltration or evaporation. 

The HYDRUS-1D model, used in our lysimeter study (Chapter 2), mod-
els the movement of water, heat, and solutes in one-dimensional, var-
iably saturated media using the Richards equation for water flux and 
convection-dispersion equations for heat and solute transport 
(Šimůnek et al., 1998). 

The Richards equation does not consider the effects of vapor diffu-
sion, vapor flow within the porous medium, and temperature gradi-
ents on flow and transport processes (Lehmann et al., 2008; 
Shahraeeni & Or, 2010; Vanderborght et al., 2017). Neglecting vapor-
related processes can lead to inaccuracies under dry conditions, 
where vapor transport becomes significant. Similarly, the assumption 
of isothermal conditions may affect water movement, as temperature 
variations influence viscosity, density, surface tension, and vapor 
pressure, and can induce thermal gradients that drive additional flow. 
To address vapor transport while maintaining isothermal conditions 
Milly (1984) proposed the Isothermal One Component “One-and-a-
Half” Phase model. 

 

1.9.3.2 Isothermal One Component “One-and-a-Half” Phase 
Equation 

Milly (1984) developed an Isothermal One Component, “One-and-a-
Half” Phase model based on the soil water movement model of Philip 
and de Vries (1957). Philip and de Vries (1957) described water and 
heat transport in unsaturated soils considering liquid water and vapor 
movement, temperature gradients and coupled heat and mass trans-
fer processes. Milly (1984) made several assumptions resulting in the 
so called “One-and-a-Half” flow equation. The “half” phase refers to 
the gas phase, in which flow is not considered but diffusive transport 
of components is. The “one” phase represents the liquid phase where 
both flow and diffusion are taken into account.  
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The assumptions Milly (1984) made, include isothermal conditions, 
focusing on liquid water movement and the neglection of the vapor 
flow caused by temperature gradients. The assumption of neglecting 
vapor flow is valid if water fluxes are considered over longer periods of 
time (1 month) and the temporal average of the temperature gradients 
cancels out because of diurnal variations in temperature (Vanderbor-
ght et al., 2017). This means the isothermal vapor diffusion flux (due 
to Kelvin effect) is higher than thermal vapor diffusion flux (due to va-
por pressure dependence on temperature) of water transport near the 
soil surface. The model makes several key simplifications: 

Firstly, that the gas phase pressure (𝑝𝑔 [Pa]) remains constant and 
equal to atmospheric pressure, which means it is independent from 
the liquid phase pressure and any dynamic effects, since no flow is 
assumed in the gas phase. The assumption can be made due to the 
gas phase viscosity being smaller in magnitude than the liquid phase 
viscosity (factor 50) (Vanderborght et al., 2017). 

The second assumption relates to the interaction of water and air in 
both phases. The vapor concentration in this model is not influenced 
by the dry air concentration. This assumption can be made because 

the mass fraction of water in the liquid phase is close to one (𝑋𝑙
𝐻2𝑂

≈

1) and vapor concentration in the gas phase can be determined inde-
pendently using the ideal gas law, without accounting for the pres-
ence of dry air (Vanderborght et al., 2017). Since the gas phase pres-
sure is assumed constant (atmospheric pressure), the vapor pressure 
in the gas phase is determined by equilibrium conditions with the liq-
uid phase. This equilibrium is governed by capillary pressure, which 
represents the pressure difference between the gas and liquid 
phases. Because we know the gas phase pressure is constant, the ca-
pillary pressure directly depends on the liquid phase pressure (Van-
derborght et al., 2017). The final assumption is that liquid water is as-
sumed incompressible over the considered pressure range, con-
sistent with the assumption of constant temperature (Vanderborght 
et al., 2017). The equation can be written as follows: 
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Where 𝐾𝑣,ℎ [m s-1] is the isothermal hydraulic conductivity for vapor 
transport. However, Millys (1984) simplification of neglecting temper-
ature gradients are less valid in arid environments, near the soil sur-
face where large temperature gradients exist and in very dry soil where 
liquid water films are discontinuous. 

 

1.9.3.3 One Component, “One-and-a-Half” Phase Equation 
The isothermal equation introduced by Milly (1984), can be extended 
to include temperature effects on water movement.  

This results in an elemental equation describing non-isothermal liquid 
water flow and water vapor transport in soils (Vanderborght et al., 
2017): 
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where 𝜃𝑣 [m3 m-3] is the water vapor content expressed in equivalent 
volume of liquid water per volume of bulk soil, 𝐾𝑙,𝑥 and 𝐾𝑣,𝑥 are the 
hydraulic conductivities for liquid and vapor flow, respectively, 𝐾𝑥,ℎ 
[m s-1] and 𝐾𝑥,𝑇  [m2 K-1 s-1] are the isothermal and thermal hydraulic 
conductivities, respectively, 𝜎 [N m-1] is the surface tension of the gas-
fluid phase, 𝑇 [K] is the temperature and ℎ|𝑇𝑟𝑒𝑓

 [m] is the pressure 

head of the liquid phase at the reference temperature 𝑇𝑟𝑒𝑓. 

The One Component, “One-and-a-Half” Phase equation is imple-
mented in the SiSPAT-Isotope model, which is used to analyze isotop-
ologues in Chapter 3. Additionally, SiSPAT-Isotope was also used to 
simulate the temperature profiles necessary for understanding the 
non-isothermal effects on water movement. 

A limitation of the one-component, “one-and-a-half” phase formula-
tion is that vapor transport is treated as a dependent process rather 
than a fully coupled gas phase flow. Because no explicit gas phase 
continuity equation is solved, the approach cannot represent advec-
tive vapor transport driven by airflow or air pressure gradients, and it 
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assumes local thermodynamic equilibrium between liquid water and 
vapor. Consequently, vapor pressure gradients that arise from non-
equilibrium conditions cannot be captured explicitly. 

In addition, heat transport is only indirectly represented and not 
solved simultaneously with the moisture and vapor equations, which 
can lead to an underestimation of latent heat effects during evapora-
tion. 

 

1.9.3.4 Fully Coupled Heat and Water Flow 
To fully understand how water and vapor move through soil, we need 
to describe the flow of the liquid and gas phase {𝑙, 𝑔} through the soil 
and how the components water and air {𝐻2𝑂, 𝑎} are transported in 
each phase. 

This can be modeled using an extended version of Darcy's law that 
works for multiple fluid phases in combination with a mass and energy 
balance (Kiemle et al., 2023; Vanderborght et al., 2017). For each 
component {𝜅} the following mass balance equation is given (Kiemle 
et al., 2023). Eq. 1-38 is only valid for binary diffusion: 
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where, 𝜌𝛼 [kg m-3] is the mass density of phase 𝛼, 𝑋𝛼
𝜅  [kg kg-1] is the 

mass fraction of component 𝜅 in phase 𝛼, 𝐷𝛼,𝑝𝑚
𝜅 [m2 s-1] is the effective 

binary diffusion coefficient of component 𝜅 in phase 𝛼 in the porous 
medium and the fluid phase velocity is determined by Darcy’s law 
(Kiemle et al., 2023): 
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where 𝑘𝑟,𝛼 [-] is the relative permeability of phase 𝛼, 𝑘𝑖 [m2] is the in-
trinsic permeability, 𝜇𝛼 [Pa s-1] is the dynamic viscosity of phase 𝛼, 𝑝𝛼  
[Pa] is the phase pressure, 𝑔 [m s-2] is the gravity term.  
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For accurate prediction of evaporation fluxes in porous media, we 
need to consider the temperature conditions within the medium itself. 
The complexity of heat transfer between different phases (gas, liquid, 
and solid) can be simplified by assuming they are in local thermal 
equilibrium. This means we can use a single energy balance equation 
rather than tracking temperatures separately for each phase (Kiemle 
et al., 2023; Vanderborght et al., 2017): 
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where 𝑢𝛼 [J kg-1] is the internal energy of phase 𝛼, 𝜌𝑠 is the mass den-
sity of the solid phase, ℎ𝛼 [J kg - 1] is the specific enthalpy, 𝑐𝑠 [J kg-1 T-1] 
is the specific heat capacity, 𝜆 𝑝𝑚[J m-1s-1 K-1] is the effective thermal 
conductivity. The energy balance equation (Eq. 1-40) accounts for 
heat storage in both the pore space and solid matrix, heat consump-
tion or production by phase changes, convective heat transport by 
fluid flow, and heat conduction through the porous medium. 

With the fully coupled heat and water flow model, we can solve heat 
and water transport simultaneously and account for latent heat ef-
fects, which influence temperature and water content near the soil 
surface. The model incorporates conductive and convective heat 
fluxes leading to better predictions of evaporation rates.  

The above mentioned fully coupled heat and water flow is imple-
mented in the open-source simulation environment DuMux, which is 
applied in Chapter 3 for the simulation of isotopologue transport. 

 

1.10 Modeling Stable Isotope Transport 

Isotope transport within the soil was first studied and modeled for free 
water surfaces (Craig & Gordon, 1965). This model was adapted by 
Zimmermann et al. (1967) for saturated and evaporating soils under 
steady-state conditions. A significant advancement came from 
Barnes and Allison (1984), who extended the model to unsaturated 
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soils and later incorporated non-isothermal conditions with soil tem-
perature as a function of depth. Shurbaji and Phillips (1995) devel-
oped the first model describing non-steady state conditions and time-
evolving atmospheric forcing, based on Philip and de Vries’(1957) 
heat and water transport model. They introduced a depth dependent 
transition factor that accounted for both hydrological and isotope pa-
rameters, including the equilibrium fractionation factor, the isotope 
specific diffusion coefficients for the vapor and liquid phase, and a 
smaller vapor phase diffusivity of heavy isotopes. This allowed their 
model to more accurately capture the evolution of soil-water isotope 
profiles. However, their model still relied on measured boundary con-
ditions, including soil surface temperature and humidity. 

A simplified approach of solving the surface energy balance was con-
sidered by Mathieu and Bariac (1996) under constant potential evap-
oration and prescribed soil temperature profiles. This approach was 
further used and extended to variable climatic conditions and to fully 
coupled heat, water and isotope transport with surface energy budget 
calculations by Mélayah et al.(1996). This model is very sensitive to 
the initial isotope profile and changes in liquid water convective 
transport. Based on the approach by Mélayah et al. (1996). Braud et 
al. (2005) addressed and corrected inconsistencies in the derivations 
presented by Melayah et al. (1996). Based on this framework, several 
isotope transport models have been developed, including SiSPAT-Iso-
tope (Braud et al., 2005) and Soil-Litter-Iso (Haverd & Cuntz, 2010). 

The SiSPAT-Isotope model is forced by climatic data (air temperature 
and humidity, wind speed, incoming solar and long wave radiation and 
precipitation). Soil temperature and water matric potential are the in-
dependent variables. Upper boundary conditions of the soil module 
are provided by the solution of the energy balance and the continuity 
of mass transfer at the soil surface, connecting the surface and the 
atmosphere (Braud et al., 2005). 

Based on Braud et al. (2005), Zhou et al.(2021) enhanced the HY-
DRUS-1D model with an isotope module that simulates isotope pro-
cesses while accounting for evaporation fractionation. The HYDRUS-
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1D isotope module offers improved computational efficiency com-
pared to SiSPAT-Isotope. HYDRUS-1D’s approach for higher effi-
ciency is to simulate only water flow in isothermal systems, whereas 
SiSPAT-Isotope computes both water flow and heat transport regard-
less of whether the system is isothermal. By eliminating heat 
transport calculations in isothermal conditions, the HYDRUS-1D iso-
tope module achieves higher numerical efficiency. 

With the above mentioned models, only 1D processes within the un-
saturated zone and interface region can be simulated. All of them ac-
count for atmospheric conditions through evaporation boundary con-
ditions and parameterizations to describe kinetic fractionation. How-
ever, the influence of atmospheric variables (e.g., wind conditions, 
humidity, and temperature) on fractionation processes can only be 
simulated under certain conditions with suitable parameterizations. 

Kiemle et al. (2023) developed a more comprehensive model that in-
cludes the influence of atmospheric flow on isotopic fractionation 
processes in the porous-medium domain with thermodynamic con-
sistency. This was achieved by explicitly accounting for flow and 
transport in the free-flow domain (atmosphere) and coupling it to the 
porous-medium domain (soil). Unlike traditional approaches, this 
model resolves the kinetic fractionation process at the interface re-
gion without relying on parameterizations. It successfully captures 
evaporation dynamics for both 𝐻2

16𝑂, 𝐻𝐷𝑂 and 𝐻2
18𝑂 under varying at-

mospheric conditions, including both turbulent and laminar flows. 

By resolving and coupling both domains at the representative elemen-
tary volume (REV) scale, the model enables detailed analysis of 
isotopologue transport and evaporation processes across the free-
flow, interface, and porous-medium regions (Kiemle et al., 2023). The 
numerical simulation environment DuMux was used for implementing 
and solving the isotope model. 

The SiSPAT-Isotope model using the One Component, “One-and-a-
Half” Phase Equation to solve the water balance is later on used and 
compared to the model of Kiemle et al. (2023) which is solving the fully 
coupled mass balance and tested against isotopologue measure-
ments (see Chapter 3). With this comparison we can study which 
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model simplifications are appropriate for the evaporation process 
and which methods predict measurements more reliably. 

 

1.11 Isotopic Evaporation Flux 

The interface between the atmosphere and the soil surface describes 
the upper boundary condition for the isotopic evaporation flux in the 
soil. At this interface, the evaporation process and the subsequent 
fractionation of water isotopologues are influenced by the mecha-
nisms within the soil system as well as by atmospheric dynamics in-
cluding turbulence, humidity gradients, and advection in free-flow 
conditions. 

The surface isotopic flux (𝐸𝑖[kg m-2 s-1]) is controlled by diffusion and 
can be assumed to be proportional to the isotopic concentration gra-
dient between the soil surface (𝐶𝑣

𝑖𝑠 [kg m-3]) and the atmosphere (𝐶𝑣
𝑖𝑎  

[kg m-3]) (Braud et al., 2005): 
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The resistance to isotopic species transport 𝑟𝑖 [s m-1] can be written 
as (Barnes & Allison, 1984): 

i a iKr r=  1-42 

𝑟𝑎 [s m-1] is the aerodynamic resistance to heat and water transfer. 

 

1.11.1 Isotopic Evaporation Flux Based on Isotopic Ratios 

The isotopic evaporation rate as a function of isotopic ratios (𝑅𝑙
𝑖𝑠, 𝑅𝑣

𝑖𝑎) 
can be written as (Kiemle, 2019): 
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Where 𝑞𝑠and 𝑞𝑎 [kg kg-1] are the specific humidities at the soil surface 
and atmosphere, respectively. 𝑀𝑖  and 𝑀𝐻2𝑂 [g mol-1] are the molar 
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mass of the heavy isotopologue and 𝐻2𝑂, respectively. For the final 
expression it is assumed that the liquid fraction is in equilibrium with 
the overlying vapor (Braud et al., 2005). In this form, the isotopic evap-
oration rate is defined in SiSPAT-Isotope. 

 

1.11.2 Isotopic Evaporation Flux Based on Mass Fractions 

The concentration of the isotopic species is defined by the mass of the 
isotopic species (𝑚𝑖 [kg]) and the total volume (𝑉𝑡𝑜𝑡𝑎𝑙 [m3]) of the re-
spective phase: 
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i itotal

total total
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This definition applies to both liquid and vapor phases. Using the total 
mass (sum of all component masses), isotopic concentration can be 
expressed in terms of mass fraction (Braud et al., 2005): 
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By incorporating Equation 1-44 into Equation 1-41, we derive the 
mass-fraction-based isotopic evaporation flux (Kiemle, 2019): 
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The fraction-based isotopic fractionation flux is implemented in Du-
Mux. 

 

1.12  Research Objectives and Scientific Questions  

The previous introduction (Chapter 1.1) emphasized the critical role 
of measuring and estimating evaporation for effective water manage-
ment. Two experimental methods, lysimeters (Chapter 1.5.1) and iso-
tope measurements (Chapter 1.5.2), for quantifying evaporation were 
introduced. Both methods provide detailed long term data sets to re-
search evaporation processes and can be used to test hydrological 
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models and evaluate models regarding evaporation processes. The 
different model approaches use varying degrees of simplification for 
the different system components, meaning that predictions from 
these models have limited capabilities depending on which model ap-
proach is chosen (Chapter 1.9). 

According to Smits et al. (2015), numerical models of heat and mass 
transfer often oversimplify or neglect many complexities of the 
transport processes. This is partly because existing theories have not 
been thoroughly tested or refined, largely due to a lack of data with 
sufficient temporal and spatial resolution. 

One limitation in research about evaporation stems from the availa-
bility of both field and laboratory data, which are crucial for testing 
and refining energy and mass transfer theories (Smits et al., 2011). Li 
et al.(2019) compared three numerical models which are used to de-
scribe the water flow and heat transfer in soil. They compare the mod-
els with data from wind tunnel experiments and concluded that all 
model approaches and corresponding top boundary conditions have 
different limitations and no model is appropriate for every tested sce-
nario. The choice of the model should depend on the research focus 
and efficiency and availability of the data set. They mention the need 
for detailed experimental measurements which include all kinds of 
soil textures and atmospheric conditions to improve the predictions 
of models across scales. 

Feng et al. (2023) took existing satellite driven ET/heat flux algorithms 
and performed an analysis of six existing soil evaporation algorithms 
to identify how to use soil moisture or precipitation data to represent 
soil water stress and decide which algorithm works best under alpine 
barren conditions. Based on that, they built two improved versions of 
process-based land surface ET/heat fluxes algorithms, one was using 
normalized surface soil moisture, the other using the ratio of cumula-
tive antecedent precipitation to cumulative equilibrium evaporation 
as moisture constraints. The study improves estimation of soil evap-
oration in an extreme environment (Tibetan Plateau) by integrating 
more realistic limitations (soil moisture and precipitation) and remote 
sensing data showing that data based constraints make a difference. 
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This supports the idea that empirical data (soil moisture, precipita-
tion, evaporation observations) are crucial to test, refine and improve 
heat mass transfer models. Feng et al. (2023) points out that even with 
modern remote sensing and modelling, there is still a need for more 
high-quality ground data (field measurements) especially for remote, 
barren or extreme environments. 

Direct flux measurements are difficult to obtain, particularly when 
capturing diurnal variations. This has led researchers like Steenpass 
et al. (2010) or Dimitrov et al. (2015) to employ indirect methods, 
measuring surface water contents and temperatures to derive fluxes 
through inverse modeling. While eddy covariance techniques can 
measure fluxes, the large region from which they receive data makes 
measurements easily influenced by variations in surface properties 
surrounding the station, as demonstrated in work by Graf et al. (2012). 
Laboratory studies face other complications, for example in wind tun-
nel experiments where the properties of the wind field cannot be pre-
cisely controlled. Additionally, the small scale of surfaces investi-
gated in these experiments means results are heavily influenced by 
changing lateral conditions (Coltmann, 2024).  

Despite the progress of the last years, significant gaps remain in mod-
eling and monitoring the dynamic interactions of heat, water, and va-
por transport between soil and atmosphere. Existing numerical mod-
els often oversimplify these processes due to limited high-resolution 
datasets and reliance on parameterizations. Controlled experiments 
and improved datasets are needed to refine models and strengthen 
theoretical understanding of heat and water transfer in soils. 

We have the possibility to work with two unique data sets to test and 
compare evaporation models. The first data set is from the TERENO 
SoilCan project. The TERENO SoilCan network of 132 lysimeters in-
stalled at 14 experimental field sites across four observatories in Ger-
many. These lysimeters sample soil in grassland and arable ecosys-
tems with standardized crop rotations under different management 
regimes. The project monitors a wide range of variables and data sets 
have been collected, for weather parameters, matter flux and water 
balance data at the lysimeter sites. The data sets are unique as they 
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have a high temporal and spatial resolution with measurement inter-
vals in minute to 10-minute intervals at several depths (dependent on 
sensor). The lysimeters contain undisturbed soil cores capturing real-
istic soil hydrologic behavior. SoilCan was intentionally built to be 
long term and because it includes many sites and years, it captures 
variability across climates, soil types, land uses, and management 
practices (Pütz et al., 2016).  

The other data set is from the experiments of Rothfuss et al. (2015) 
introduced in Chapter 1.5.2. The study measured daily profiles of 𝛿²𝐻 
and 𝛿¹⁸𝑂 in soil water for 290 days and accordingly, gives continuous, 
non-destructive time series. It was the first experiment to validate the 
gas permeable tubing method over a year under drying and wetting cy-
cles. As the methods even work for low water contents and receive 
isotope information without disturbing the soil, they were able to track 
the evaporation front moving through the soil. They map the depth of 
the evaporation front each day, showing how it gradually moved 
down. Because the data are continuous and vertically resolved, it al-
lows detailed testing of models using isotope transport. With those 
two very unique data sets we wanted to test evaporation models, 
which exist with different degrees of complexity, from the Richards 
equation to fully coupled heat and water flow models (Chapter 1.9) to 
evaluate how reliable various simplifications are.  

Simpler models like the Richards equation neglect processes such as 
vapor diffusion, air flow, and non-isothermal conditions that are im-
portant under dry soil conditions. In this context, we asked ourselves: 

1. To what extent can a Richards equation-based model accu-
rately reproduce observed evaporation processes? Can we 
simplify the complex evaporation process while maintaining 
accuracy? How does the Richards equation perform across: 
(a) multiple temporal scales (hourly to monthly), and (b) vary-
ing saturation levels (from saturated to very dry conditions)? 

We hypothesize that simpler models (e.g., Richards equation) will per-
form adequately under conditions of high soil moisture and minimal 
temporal temperature gradients. It will show a decreasing accuracy at 
finer temporal scales (hourly) compared to coarse scales (daily or 
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monthly) due to its limited ability to account for temperature fluctua-
tions. We expect that the impact of temperature fluctuations on 
model accuracy will be larger under very dry conditions when evapo-
ration processes are mainly driven by vapor diffusion compared to 
saturated conditions. Neglecting vapor transport will introduce sub-
stantial errors when soil moisture drops below field capacity during 
periods of soil warming. Furthermore, ignoring the effect of tempera-
ture on vapor concentrations in the soil will lead to an underestima-
tion of vapor concentrations and consequently of evaporation. The 
magnitude of these errors is expected to increase progressively as the 
soil becomes drier and soil temperature increases. Beyond a certain 
temporal threshold, the impact of diurnal temperature fluctuations on 
evaporation estimates will be negligible, making the Richards equa-
tion models more suitable for long term predictions. More complex 
models (e.g., fully coupled heat and water flow models) will be neces-
sary for accurately capturing evaporation processes during stage-II 
and III evaporation and under conditions with significant diurnal tem-
perature fluctuations. 

PTFs are an effective tool for predicting SHPs. But as described in 
Chapter 1.4.4 hydrological dynamics in models can be significantly in-
fluenced by the applied PTFs. The variability can result in deviations in 
ET. Hence, we wanted to know: 

2. How adequate are current methods for estimating SHPs in the 
context of evaporation modeling? What impact does the us-
age of PTFs have on simulated evaporation rates compared to 
directly measured soil properties? To what extent do uncer-
tainties in SHPs cause uncertainties in modeled evaporation 
under different moisture conditions? 

We hypothesize that evaporation models using PTFs will show greater 
deviations from observed evaporation rates compared to models us-
ing directly measured SHPs, with increasing deviations as the soil pro-
ceeds to dry out. 

To address these questions, we will use the data set of the TERENO 
SoilCan network, providing measurements under natural outdoor 
conditions in natural undisturbed soils for three years with different 
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climatic conditions. The use of our unique high resolution lysimeter 
data set allows us to directly observe actual soil evaporation rates at 
a fine temporal scale, providing a strong basis to test and compare 
different modeling approaches. With this data set we try to assess un-
der which conditions evaporation rates could be predicted using the 
FAO Penman-Monteith method (Chapter 1.9.1) combined with soil 
water flow simulations based on the Richards equation. Soil hydraulic 
properties will be estimated using either ROSETTA PTFs (Schaap et al., 
2001), in situ measured soil hydraulic properties, or soil surface water 
content measurements through inverse modeling (Dimitrov et al., 
2015). 

A second set of research questions focuses on the potential of iso-
tope measurements and modeling approaches. Isotope measure-
ments have been used to study evaporation, as described in Chapter 
1.6, and have high potential for investigating evaporation mechanisms 
such as the evaporation front and different stages of evaporation with 
high temporal resolution (here: daily), which leads to the question: 

3. What is the potential of daily heavy stable water isotope meas-
urements for identifying specific evaporation related pro-
cesses such as the development of an evaporation front? 

We hypothesize that daily measurements of heavy stable water iso-
tope profiles will provide sufficient temporal resolution to detect the 
formation and movement of the evaporation front, characterized by a 
distinct peak in isotopic enrichment. We assume that the observation 
of Rothfuss et al.(2015), that the evaporation front is located at the 
depth of the maximal gradient between 𝛿𝑖 values, can be confirmed. 
Isotopic signatures should be detectable even when changes in bulk 
soil moisture content are below the detection limit of conventional 
soil moisture sensors, demonstrating the value of isotope measure-
ments for evaporation processes in dry soil. 

Different models with different approaches for simulating isotopo-
logue transport exist (Chapter 1.10). The models which were intro-
duced are SiSPAT-Isotope, a one component, “One-and-a-Half” 
phase model, and DuMux a fully coupled heat and water flow model. 
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The effect of the level of detail in process descriptions and how it im-
pacts the accuracy of the isotopologue simulations has not been in-
vestigated yet. In this context we wanted to study: 

4. How do the one component, “One-and-a-Half” phase (SiS-
PAT-Isotope) and the fully coupled water and energy model 
(DuMux) differ in simulating isotopologue transport in a drying, 
unsaturated porous medium? How does the implementation 
of boundary conditions affect isotopologue transport simula-
tion results? In particular, what is the impact of residual water 
content on simulated isotopologue transport, considering the 
differences between the vGM model used in SiSPAT-Isotope 
versus the approach used in DuMux in the dry regime? What 
insights about evaporation processes can be gained by com-
paring these different modeling approaches? 

We hypothesize, that the fully coupled DuMux model will differ from 
the one component, “One-and-a-Half” phase approach (SiSPAT-Iso-
tope) primarily in its treatment of the gas phase and porous medium-
free flow interface processes. While both models account for temper-
ature effects, DuMux’s explicit modeling of gas phase dynamics will 
lead to differences in predicted vapor transport, especially during 
stage-II and III evaporation. The differences in how residual water con-
tent is handled between the models (vGM approach in SiSPAT-Isotope 
versus a fully dry out of the soil in DuMux) will lead to different predic-
tions of isotope transport in very dry conditions. 

By comparing these two modeling approaches against experimental 
data, we expect to identify which simplifications in the one compo-
nent, “One-and-a-Half” phase are justified, and which lead to signifi-
cant deviations from observed isotope patterns during soil drying. We 
will use high frequency experimental isotope data from Rothfuss et 
al. (2015) and combining these data with the DuMux and SiSPAT-Iso-
tope model to analyze isotopologue transport and compared both 
models' performance against the isotopologue measurements. 
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1.13 Thesis Outline  

This thesis consists of two main parts, each based on published man-
uscripts. 

Chapter 2 uses lysimeter data from the TERENO SOILCan network to 
evaluate whether evaporation rates can be predicted from weather 
data using the FAO Penman-Monteith method, combined with soil 
water flow simulations based on the Richards equation. Four soil 
types with different textures (ranging from sandy loam to silt loam) 
were tested. The study focuses on the importance of accurate soil hy-
draulic property (SHP) estimation methods for improving evaporation 
predictions, particularly under water-limited conditions, and empha-
sizes the need for modeling temperature-dependent vapor transport 
to replicate diurnal evaporation rates. 

Chapter 3 explores the use of heavy stable water isotopologues to 
better understand evaporation processes, including the identification 
of the evaporation front under very dry soil conditions. Two models 
SiSPAT-Isotope and DuMux are compared for simulating isotopologue 
transport in a drying unsaturated porous medium. Measured isotope 
data are compared with simulations from both models. The effect of 
boundary layer thickness on evaporation and heavy isotopologue en-
richment, as well as the influence of residual water content, is stud-
ied. The DuMux model is used to investigate the evaporation front in 
drying soil and compare it to the measurements from Rothfuss (2015). 

The study highlights the importance of properly simulating diffusive 
transport and the effects of residual water to accurately model evap-
oration fronts and isotopic ratio profiles in drying soils. 

Finally, Chapter 4 presents the main conclusions of this thesis and of-
fers recommendations for further research. 
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2 Prediction of Soil Evaporation Measured With Weighable 
Lysimeters Using the FAO Penman–Monteith Method in 
Combination With Richards Equation 

This chapter is adapted from: Schneider, J., Groh, J., Pütz, T., Helmig, 
R., Rothfuss, Y., Vereecken, H., & Vanderborght, J. (2021). Prediction 
of soil evaporation measured with weighable lysimeters using the FAO 
Penman–Monteith method in combination with Richards equation. 
Vadose Zone Journal, 20(1), e20102. 

Changes were made in the abstract (Chapter 2.1) to describe the main 
results. Additional information about the ANOVA was added in Chap-
ter 2.3.2.3 and Annex A.3. In Chapter 2.3.3 information about the ef-
fect of soil color on the calculated potential evaporation was added. 
Information about the vertical soil profile on evaporation rates was 
added in the Annex A.1. Annex A.2 gives additional information about 
measured and calculated net radiation. Additionally, a conclusion 
(Chapter 2.6) was added. Throughout the whole Chapter 2 minor ad-
ditions for a better understanding are given. 

 

2.1 Abstract 

Multiannual data (2016-2018) from 12 weighed lysimeters (four soil 
types with textures ranging from sandy loam to silt loam, three repli-
cates) of the TERENO SOILCan network were used to evaluate if evap-
oration (𝐸) rates could be predicted from weather data using the FAO 
Penman-Monteith (PM) method combined with soil water flow simu-
lations using the Richards equation. Soil hydraulic properties (SHPs) 
were estimated either from soil texture using the ROSETTA pedotrans-
fer functions, from in situ measured water retention curves, or from 
soil surface water contents using inverse modeling. 

In all years, 𝐸 was water limited and the measured evaporation rates 
(𝐸𝑚 ) surprisingly did not vary significantly among the four different soil 
types. When SHPs derived from pedotransfer functions were used, 
simulated evaporation rates of the finer textured soils overestimated 
the measured ones considerably. Better agreement was obtained 
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when simulations were based on in situ measured or inversely esti-
mated SHPs. The SHPs estimated from pedotransfer functions repre-
sented unrealistically large characteristic lengths of evaporation (𝐿𝑐 ), 
and 𝐿𝑐 was found to be a useful characteristic to constrain estimates 
of SHPs. Also, when soil evaporation was water limited and 𝐸𝑚  rates 
were below potential evaporation (𝐸𝑝𝑜𝑡) (PM evaporation scaled by an 
empirical coefficient), the diurnal dynamics of 𝐸𝑚 followed those of 
𝐸𝑝𝑜𝑡. The Richards equation that considers only isothermal liquid wa-
ter flow did not reproduce these dynamics caused by temperature de-
pendent vapor transport in the soil. Measured 𝐸𝑚 showed diurnal sig-
natures that the isothermal Richards model could not reproduce even 
with optimised SHPs. Overall, the results show that (i) the PM + Rich-
ards approach can reproduce long term (seasonal/ monthly) cumula-
tive evaporation (𝐸𝑐𝑢𝑚) if SHPs are chosen correctly, (ii) PTFs may be 
inadequate for prediction in finer soils without further constraint, and 
(iii) inclusion of vapor transport mechanisms should be considered 
when short-term (hourly/diurnal) dynamics are important. 

 

2.2 Introduction 

Bare soil evaporation (𝐸) is a critical component of the water cycle at 
local and global scales. The process of mass transfer across the soil–
atmospheric interface is fundamental (Davarzani et al., 2014). Evapo-
ration in arid or semiarid areas can amount to more than half of evap-
otranspiration (Huxman et al., 2005). Or and Lehmann (2019) esti-
mated that 𝐸 contributes up to 15% of the total evapotranspiration 
losses globally and found that this fraction is relatively constant for 
different climates and biomes. Processes of 𝐸 are generally well stud-
ied, but it has been a challenge to represent 𝐸 in simulation models 
(Seager et al., 2007). 𝐸 is mediated by a set of processes such as flow 
of liquid water, and transport of water vapor and heat in the porous 
medium that are coupled with heat and vapor transport in the atmos-
phere, also referred to as free flow, and driven by absorbed radiation 
(Fetzer et al., 2017). The 𝐸 process can be split up into two stages: an 
energy limited 𝐸 (stage-I) and a water limited 𝐸 (stage-II). During 
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stage-I, 𝐸 is determined by the energy available (radiant energy ab-
sorbed at the surface, soil heat flux, sensible and latent heat flux be-
tween the soil surface, and the free flow). During stage-II, 𝐸 is limited 
by water transfer from the soil to the evaporation surface. 

There are several approaches of different complexity to model 𝐸, and 
a systematic review of the processes and their simplifications is given 
by Fetzer et al. (2017). Fetzer et al. (2017) compared these ap-
proaches using simulation studies and highlighted differences and 
similarities between them. To model accumulated evaporation rates 
(i.e., cumulative evaporation [𝐸𝑐𝑢𝑚]) over a longer period, simpler ap-
proaches can be used. 𝐸 rates during stage-I can be estimated using 
the standardized FAO Penman-Monteith (FAO-PM) approach (Allen et 
al., 1998). The FAO-PM estimates 𝐸 rates using the PM equation that 
solves the surface energy balance for standardized properties of a ref-
erence surface representing a well-watered uniform grass surface, 
linearizes the relation between saturated vapor pressure and temper-
ature, and approximates the soil heat flux as a function of the ab-
sorbed radiation. To simulate the transition between stage-I and II, 
simpler models use a threshold surface water potential that is fixed 
and used as a constant potential boundary condition during stage-II. 
The evaporation rate during stage-II is obtained by solving the Rich-
ards equation, which describes isothermal liquid water fluxes in the 
unsaturated soil, for this constant boundary condition. Despite the 
fact that this approach decouples the evaporation rate during stage-II 
from the surface energy balance, heat, and vapor fluxes in the soil, it 
provided similar estimates of 𝐸𝑐𝑢𝑚 as more comprehensive process 
models (Fetzer et al., 2017). However, diurnal dynamics of 𝐸 simu-
lated by the more comprehensive approaches could not be repro-
duced by the simpler FAO-PM–Richards equation approach due to ne-
glected vapor fluxes and heat flow in the porous medium (Fetzer et al., 
2017). Li et al. (2019) compared three different model concepts to de-
termine 𝐸: the Richards equation only considering isothermal liquid 
water flow (Richards model), a model based on the Richards equation 
that considered vapor transport (Richards vapor model), and a 
nonequilibrium two-component two-phase model (Non 2-2 model). 
They mentioned that predictions of 𝐸 during stage-II by models based 
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on Richards equation depend on the accuracy of chosen top bound-
ary conditions like the critical water pressure. Rianna, Reder, and Pa-
gano (2018) tested four models and their ability to predict measured 
evaporation (𝐸𝑚) by comparing them with 𝐸 rates from lysimeters. The 
models tested did not solve the Richards equation directly to repre-
sent soil water movement but used different metamodels of the soil 
water balance: the Aydin (1998) and Allen et al. (1998), Boesten and 
Stroosnijder (1986), and Ritchie (1972) (also known as the FAO-56 
dual 𝐾𝑐 approach) models. They stated that these 𝐸 models with soil 
hydraulic parameters based on lysimeter data reproduce 𝐸 losses ac-
curately. 

In addition to selecting a process model, which fits best to given envi-
ronmental conditions, soil hydraulic properties (SHPs) must be 
known in order to predict 𝐸. When only liquid flow in the soil is consid-
ered, the unsaturated hydraulic conductivity and water retention 
function must be available. In most studies that estimate soil water 
fluxes at regional and global scales, water retention and hydraulic 
conductivity functions are derived from soil texture information using 
pedotransfer functions (PTFs; (Fatichi et al., 2020; Or & Lehmann, 
2019). These PTFs have been derived from empirical relations be-
tween soil properties (e.g., soil texture) and parameters of functions 
that describe the water retention and hydraulic conductivity curve 
(Schaap et al., 2001).  

Parameters of functions that are fitted to retention curves and that are 
estimated from other soil properties using PTFs are not constrained 
directly by processes, such as 𝐸. This may lead to a large overestima-
tion of evaporation when SHPs with these parameters are used in the 
Richards equation to estimate evaporation (Lehmann et al., 2020). 
Lehmann et al.(2020) used a characteristic length for evaporation (𝐿𝑐) 
to identify hydraulic parameter sets that would lead to unrealistic high 
evaporation losses. Especially soils with an intermediate texture were 
found to be susceptible to overestimation of 𝐸. Soil hydraulic proper-
ties are also affected by soil structure, which is related to the pres-
ence of larger pores and the connectivity of smaller pores between 
soil aggregates (An et al., 2018; Assouline & Narkis, 2019; Carminati, 
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Kaestner, Ippisch, et al., 2007; Shokri et al., 2010).Especially in agri-
cultural soils, the structure of the surface layer during bare soil peri-
ods may deviate significantly from that of the deeper soil layers due to 
tillage practices, which change bulk density and soil structure. The 
impact of soil structure on soil water fluxes has been associated 
mainly with (preferential) infiltration. However, also for 𝐸, soil struc-
ture may play an important role (Dimitrov et al., 2015; Haghighi & Or, 
2015; Schwartz et al., 2010; Tran et al., 2019). 

In vadose zone research, weighable lysimeters are an established 
method to investigate 𝐸 and to calibrate and test models (Dijkema et 
al., 2018; Mutziger et al., 2005; Pütz et al., 2018).By measuring soil wa-
ter storage changes and seepage water losses with high temporal res-
olution and precision with weighable lysimeters, diurnal dynamics of 
𝐸 fluxes can be directly calculated giving a closer look into the pro-
cesses controlling 𝐸 (Hoffmann et al., 2016; Peters et al., 2017; Pütz 
et al., 2018). Lysimeters are used to observe and compare soil 𝐸 fluxes 
under natural conditions for soils with different hydraulic properties, 
different tillage, or under different climate conditions (Dijkema et al., 
2018; Marek et al., 2016; Quinn et al., 2018). 

Dijkema et al. (2018) compared lysimeter data from a desert site with 
simulations using a model including non-isothermal liquid and vapor 
transport. They showed that under dry conditions, the model under-
estimated measured 𝐸 rate, which they attributed to underestima-
tions of the vapor transport process through the upper dry soil layer 
and underestimation of the hydraulic conductivity of the dry soil that 
was estimated using a capillary bundle model. Recent studies em-
phasize the importance of appropriately choosing the lysimeter's 
boundary conditions that reflect surrounding (natural) environmental 
conditions in order to achieve a reliable reproduction of the natural 
system (Benettin et al., 2019; Groh et al., 2018, 2020; Heinlein et al., 
2017; Kohfahl et al., 2019; Teuling, 2018; Trigo et al., 2018). 

The mimicking of a natural system also implies the use of undisturbed 
or monolithic soil cores or blocks in lysimeters. Our overarching ob-
jective was to compare lysimetric-based measurements and esti-
mates of 𝐸 to simulations using an FAO-PM–Richards equation based 
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approach. Subobjectives were to examine (a) how SHPs that are de-
rived from PTFs or from direct in situ measurements perform in the 
prediction of 𝐸; (b) whether the characteristic length for evaporation 
(𝐿𝑐) can be used an indicator of parameter sets that generate unreal-
istic estimates of 𝐸, and (c) the (diurnal) dynamics of evaporation dur-
ing stage-II, which are influenced by temperature dependent vapor 
fluxes. 

Although bare soil evaporation is a key component of the water cycle, 
it remains difficult to represent accurately in simulation models, es-
pecially during water-limited (stage-II) evaporation, when heat and va-
por transport processes become important. Many large-scale studies 
rely on soil hydraulic properties (SHPs) estimated from pedotransfer 
functions (PTFs) based on soil texture, but these SHPs are not con-
strained by evaporation processes and may therefore produce unre-
alistic or greatly overestimated evaporation rates when used with 
models such as the FAO Penman-Monteith method combined with 
the Richards equation. Additionally, the influence of soil structure, es-
pecially in the tilled surface layer, is often not captured in such mod-
els. Aim is to evaluate whether evaporation measured with high-pre-
cision lysimeters can be accurately predicted using the FAO Penman-
Monteith approach combined with Richards equation simulations, 
and to determine how the choice of soil hydraulic properties and soil 
structure influences the accuracy of these predictions. 

 

2.3 Material and Methods 

2.3.1 Study Site 

Experiments were performed at the Selhausen TERENO field (50°52′7′′ 
N, 6°26′58′′ E; 104 m asl), which is located in the Eifel/Lower Rhine 
Valley Observatory of TERENO in Germany (Bogena et al., 2018; Pütz 
et al., 2016; Zacharias et al., 2011). It is characterized by a temperate 
humid climate with a mean annual temperature of 11.8 (± 0.58) °C 
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(2000–2018). From 2000 to 2008, annual precipitation ranged be-
tween 480 mm in 2018 and 829 mm in 2001 with an average of 702 (± 
90.3) mm (Knaps, 2019). 

The Selhausen site is part of the TERENO-SOILCan network of lysime-
ters (Pütz et al., 2016). The objective of this long-term lysimeter mon-
itoring program is to capture the effects of climate change and various 
management methods on water, energy, and matter fluxes between 
soil and atmosphere using the space-for-time concept (Ineson et al., 
1998; Lipman & Waynick, 1916). 

 

2.3.2 Lysimeter Installation 

Two lysimeter clusters (SE3 and SE4), managed as arable land, were 
used in the present study. At each cluster, six lysimeters were ar-
ranged in a hexagonal pattern (Figure 2-1). 

 

Figure 2-1: The lysimeters arranged in a hexagonal pattern at site SE3 at the 
start and end of the bare soil observation period for the years 2016–2018. 

Each lysimeter cylinder, made of stainless steel with a surface area of 
1.0 m2 and a depth of 1.5 m (Pütz et al., 2016), is placed in a porous 
concrete ring. The gap between lysimeter and the concrete housing 
was closed with a synthetic resin collar, which was filled with sur-
rounding soil. The small (0.01 m) remaining gap between the collar 
and the lysimeter was closed with silicone rubber sheet to ensure that 
soil temperature dynamics reflect those of the surrounding. Water 
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content is measured by time domain reflectometry probes (TDR100, 
Campbell Scientific) at 10-, 30-, and 50-cm depth. The weight of the 
lysimeters is recorded in 1-min intervals. The matric potential is 
measured with matric potential sensors in 0.1 m depth (MPS-1, Dec-
agon Devices); at other depths, tensiometers are installed (TS1, ME-
TER Group). The lysimeters’ weighing systems have an accuracy of 
0.01 mm (Hannes et al., 2015). 

The seepage water of a lysimeter is collected in a weighable tank with 
a resolution of 1 g, which corresponds to 0.001 mm (Pütz et al., 2016). 
The matric potential near the bottom of the lysimeter (1.4 m depth) is 
adapted to the measured matric potential in the surrounding field at 
the same depth by water pumping out or in through the suction rake, 
which consists of five parallel suction cups, at the bottom of the ly-
simeter. If the matric potential in the lysimeter increases compared to 
the field, water is pumped out of the lysimeter into the seepage water 
tank and vice versa when the matric potential decreases in the lysim-
eter. This allows downward and upward vertical water fluxes across 
the lysimeter bottom and ensures that the water potential dynamics 
at the bottom of the lysimeter are as observed in the surrounding field 
(Karimov et al., 2014; Luo & Sophocleous, 2010). The adaptation of the 
matric potential to the surrounding conditions is based on the space-
for-time concept of the TERENO SOILCan project. 

A weather station (WXT510, Vaisala Oyj) next to each lysimeter station 
monitors meteorological parameters: wind speed, air temperature, 
relative humidity, barometric pressure at 2 m height, and precipitation 
at 1 m height (OTT Pluvio2, OTT HydroMet). Net radiation sensors (LP 
Net07, Delta OHM) above one lysimeter of each cluster and cameras 
document the state of the lysimeters (Pütz et al., 2016). Meterological 
parameters were measured in 10-minute intervals. 

The 12 lysimeters were filled with undisturbed soil originating from the 
four sites within the SOILCan network in Germany: Bad Lauchstädt 
(BL), Dedelow (DD), Sauerbach (SB), and Selhausen (SE) (for infor-
mation related to these stations, see Groh et al. (2016)). Hence, for 
each of the four soil types, there are three replicate lysimeters. The 
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soil types and textures are listed in Table 2-1, and more detailed pro-
files are described in Annex A.1 (supplemental material). 

Table 2-1: Soil types and soil texture of the top soil layers of the different ly-
simeters in the different hexagons and from different origins (Pütz, et 
al., 2016). 

FAO soil type Texture sand/silt/clay Origina  
% 

 

Cutanic Luvisol 16/66/18 SE 
Haplic Chernozem 5/73/22 BL 
Haplic Cambisol 13/62/25 SB 
Haplic Luvisol 58/31/11 DD 

a SE, Selhausen; BL, Bad Lauchstädt; SB, Sauerbach; DD, Dedelow 

Soil surrounding the lysimeters was treated in the same manner as the 
lysimeters. Soil evaporation was monitored in the arable land lysime-
ters for three consecutive years (2016 - 2018) between harvest and 
sowing when there was no or a little vegetation and 𝐸 was dominated 
by bare soil characteristics. During each bare soil period, the soil was 
tilled twice. In 2017, herbicides were sprayed due to the growth of 
weeds. From 14  Aug. 2017 until 1 Sept. 2017, minor plant growth was 
observed on the lysimeters. From 2016 to 2018, 256 d of bare soil ob-
servations were available. For each year, there were 91 d of bare soil 
data available except for 2016, when 72 d were available. Dates of 
start and end of the monitor periods, of crop harvest and sowing, and 
of tillage and herbicide applications are given in Table 2-2. 

In addition, in each year, a different crop was grown on the lysimeters 
before the bare soil period, which influenced the initial conditions of 
the bare soil period due to preceding evapotranspiration. In 2016 win-
ter barley (Hordeum vulgare L.; 𝐸𝑇 = 367 ± 26 mm), in 2017 winter rye 
(Secale cereale L.; 𝐸𝑇 = 448 ± 22 mm), and in 2018 oat (Avena sativa 
L.; 𝐸𝑇 = 339  ± 21 mm) were cultivated (Groh et al., 2020). 

Table 2-2: Selected periods and surface treatments during the observed time 
period for analyzing evaporation (𝐸) of bare soil for stations SE3 and 
SE4 in Selhausen. 

Surface treatment 2016 2017 2018 
Harvest 8 July 2016 21 July 2017 24 July 2018 
Initial date of 𝐸 monitoring 20 Aug. 2016 1 Aug.2017 1 Aug.2018 
Application of herbicides 13 Aug. 2016 1 Sept. 2017 – 
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First tillage treatment 
25 Aug. 2016 19 Sep. 2017 

30 Aug. 
2018 

Second tillage treatment 
11 Oct. 2016 25 Oct. 2017 

12 Sep. 
2018 

Sowing 11 Oct. 2016 15 Mar. 2018 5 Nov.2018 
 

The observation period in 2018 was characterized by dry conditions 
with only 119 mm of precipitation during the bare soil period and a 
mean net radiation of 57.7 W m-2, contrasting with 2017 with 180 mm 
of precipitation and a mean net radiation of 54.6 W m-2. The year 2016 
showed intermediate values between 2017 and 2018 regarding pre-
cipitation, radiation, and average temperatures Table 2-3). 

Table 2-3: Climatic conditions during the bare soil periods from August until 
October for the years 2016-2018. 

Parameter Year 
Mean net radiation 

[W m-2] 

Precipita-
tion 

[mm] 

Mean temper-
ature 
[°C] 

Total 

2016 
63.1 132 15.5 

2017 

54.6 156 15.4 

2018 

57.7 119 16.0 

August 

2016 

95.5 33 18.9 

2017 

86.0 96 18.3 

2018 

81.3 30 20.2 

September 

2016 

71.5 25 18.0 

2017 

53.6 64 14.4 

2018 

64.2 59 15.6 

October 

2016 

22.6 74 9.6 

2017 

24.0 21 13.4 
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Parameter Year Mean net radiation 
[W m-2] 

Precipita-
tion 

[mm] 

Mean temper-
ature 
[°C] 

2018 

27.6 30 12.0 

 

2.3.2.1 Bare Soil Evaporation Measurements and Statistical 
Analysis 

2.3.2.2 Data Processing 
The distinction of precipitation and 𝐸 from lysimeter mass changes 
needs a suitable data preprocessing and postprocessing to reduce 
the effect of errors and noises on the water fluxes. Lysimeter and 
leachate tank weights were processed in the following manner: (a) the 
raw data were corrected by adjusting systematic errors and outliers, 
(b) random errors and noise were smoothed, (c) 𝐸 and precipitation 
fluxes were calculated, and (d) data were checked for plausibility and 
data gaps were filled in a postprocessing step (Schrader et al., 2013). 

 

Steps i and ii: Error Correction and Smoothing. 

A distinction was made between measurement noise (e.g., induced by 
external sources such as wind) and outliers (defined as singular dis-
turbances or technical malfunctions) (Peters et al., 2017). In some 
cases, outliers and noise could be removed by automated plausibility 
controls or suitable filter schemes; in other cases, manual correc-
tions were required (Schrader et al., 2013). 

To smooth the time series of mass measurements obtained with 1-
min resolution and avoid smoothing errors on the estimation of pre-
cipitation and evapotranspiration, the adaptive window and adaptive 
threshold filter method (AWAT filter) developed by Peters et al. (2014); 
Peters et al. (2016); and Peters et al. (2017) was used. To manage 
time-variable noise levels, the filter uses an adaptive threshold (𝛿) and 
adaptive averaging window width (𝜔) (Peters et al., 2016). For our cal-
culations, 𝛿 varied between 0.02 (0.02 kg) and 0.2 mm (0.2 kg), and 𝜔 
between 3 and 31 min. An intermediate output of the filter algorithm 
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is a step function of lysimeter weights. This step function is subse-
quently interpolated using spline functions to produce a time series 
with 1-min temporal resolution of noise-removed and interpolated ly-
simeter weights. Further information and an extensive validation of 
this method can be found in Hannes et al. (2015) and Peters et al. (Pe-
ters et al., 2014, 2016, 2017). 

 

Step iii: Calculation of Evaporation and Precipitation. 𝐸 and precip-
itation were calculated from time series of lysimeter (𝑊𝐿) and seep-
age tank weights (𝑊𝑇) obtained in Step ii as in Schrader et al. (2013), 
assuming no simultaneous 𝐸 and precipitation during a 1- min time 
interval: 
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where 𝑃𝑡  [kg] and 𝐸𝑇𝑡  [kg] are the precipitation and evapotranspiration 
amounts during the time interval 𝑡. Time series of 𝑃 and 𝐸 were sub-
sequently aggregated to hourly values.  

Step iv: Postprocessing. The obtained 𝐸 rates were tested for plausi-
bility. For times with missing data, three cases were considered to fill 
the data gaps. In case data were missing in one or two of the three 
replicate lysimeters (2.9% of the dataset), the mean 𝐸 rate of the other 
lysimeters with the same soil profile was taken to fill the data gap. In 
case data were missing in the three lysimeters of the same soil type 
for a period shorter than 6 h (0.31% of the dataset), fluxes were as-
sumed to be constant during this period and estimated from the 
weights at the end and beginning of the time period. If data gaps ex-
ceeded 6 h (0.05% of the data set), 𝐸 fluxes were set equal to 𝐸 rates 
of the other lysimeters. 
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2.3.2.3 Statistical Analysis 
A multivariate nested ANOVA was carried out to evaluate the variabil-
ity in 𝐸 flux among the different soil types and within lysimeter repli-
cates (i.e., filled with a given soil type). For this, 33 d with gap-filled 
data were excluded from the analysis. The considered factors in the 
ANOVA analysis were soil type, time, and lysimeter. The lysimeter fac-
tor was treated as a random factor nested within each soil type. The 
daily 𝐸 rate was the investigated dependent variable and expressed 
as: 

, , , , , ,( )d s l d s d s l s d s lE E D S DS L = + + + + +  2-2 

The ANOVA model predicts evaporation at day 𝑑 from a certain lysim-
eter 𝑙, taken from a soil 𝑠, 𝐸𝑑,𝑠,𝑙  [mm d-1], as the sum of the overall av-
erage 𝐸 (𝐸̅ and four additive ‘effects’: the effect of the day 𝐷𝑑, the ef-
fect of the soil 𝑆𝑠 on 𝐸, the effect of the interaction between the soil 
and day (𝐷𝑆)𝑑,𝑠, and the effect of the lysimeter𝐿𝑙,𝑠 (mean difference 
between the 𝐸 in lysimeter 𝑘 and the mean 𝐸 of all three lysimeters of 
soil 𝑆, and 𝜀𝑑,𝑠,𝑙 is the error term. Since only one measurement was 
done in one lysimeter for a given time, the statistics of the error term 
had to be derived from the lysimeter-time interaction effect (the dif-
ference between the interaction between the lysimeter and time ef-
fect and the average interaction effect of the soil and the time). The 
ANOVA analysis was carried out with the MATLAB (Mathworks, 2019) 
anovan function. The same ANOVA model was used to evaluate the 
soil moisture content measurements in the different lysimeters and 
soils. 

The time effect is related to the meteorological conditions, rainfall and 
potential evaporation, that vary over time and influence the evapora-
tion. The effect of the soil on evaporation is expressed by both the 
mean soil effect 𝑆𝑠 and the interaction between the soil and 
time (𝐷𝑆)𝑑,𝑠, which expresses to what extent the variation of the evap-
oration with time differs between different soils. This additive model 
is not perfect since it assumes that the lysimeter effect is constant in 
time and it neglects the interaction between the lysimeter effect and 
time. The observed interaction is considered as the random error 𝜀𝑑,𝑠,𝑙 
in the model, which is assumed to be uncorrelated over time.  
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To assess the impact, an additional analysis was conducted (Annex 
A.3) The data indicate that a correlation exists over a period of approx-
imately five days. Ignoring this correlation, as was done in the present 
analysis, affects the calculated significance levels. Using a subset of 
the data with measurements taken every five days, the significance 
levels were slightly lower in this case, the overall conclusions of the 
study remained unchanged. 

 

2.3.3 Computation of Potential Evaporation 

Reference evapotranspiration, 𝐸𝑇0 [mm d-1] was estimated with the 
PM method (Allen et al., 1998): 

( )
( )0

0

1

sat a

N g

av

s

av

c e e
R Q

r
ET

r

r

 





 −
 − +  

  =
 

 + + 
 

 2-3 

where 𝜆 [MJ kg-1] is the latent heat of evaporation, 𝑅𝑁 [MJ m-2 d-1] is the 
net radiation, 𝑄𝑔 [MJ m-2 d-1] is the soil heat flux, (𝑒𝑠𝑎𝑡

0 − 𝑒𝑎) [kPa] is the 
vapor pressure deficit, 𝜌𝑎 [kg m-3] is the air density at a constant pres-
sure, and ca [J kg-1 C-1] is the specific heat of the air. The slope of the 
saturation vapor pressure temperature relationship is expressed as 𝛥 
[kPa °C-1], whereas 𝛾 [kPa °C-1] is the psychometric constant. Aerody-
namic and surface bulk resistance are denoted by 𝑟𝑎𝑣 and 𝑟𝑠 [s m-1], 
respectively. 𝑅𝑁 was measured about one lysimeter at each lysimeter 
hexagon, hence two data sets for 𝑅𝑁 are available. As the soils are very 
similar, the two data sets for 𝑅𝑁, plotted against each other, scatter 
around the 1:1 line (Annex A.2). A brief explanation why we chose 
measured over calculated 𝑅𝑁 can be found in Annex A.2. It should be 
noted that the net radiation that is measured over a soil surface may 
deviate from the net radiation of the reference surface that is used to 
calculate ET0. When the actual evaporation from the surface is 
smaller than the reference evaporation, the surface will be warmer 
and the measured net radiation smaller than the net radiation of the 
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reference surface. To assess this difference, we compared measured 
net radiation with the net radiation that is calculated according to the 
FAO approach (see Annex A.2). The close agreement between the two 
𝑅𝑁 datasets, indicate that potential differences in surface albedo (e.g. 
due to soil color) were negligible.  

The aerodynamic resistance is derived from the wind speed consider-
ing a logarithmic wind profile. For calculating the evapotranspiration 
of a reference grass surface, the surface resistance represents the 
stomatal resistance and is defined to be 𝑟𝑠 = 50 s m-1 for daytime and 
𝑟𝑠 = 200 s m-1 for nighttime periods (Allen et al., 2005). The soil heat 
flux 𝑄𝑔 [MJ m-2 d-1] is calculated from the net radiation and put equal 
to 0.1𝑅𝑁 during daytime and 0.5 𝑅𝑁 during nighttime (Allen et al., 
1998). To obtain the potential bare soil evaporation 𝐸𝑝𝑜𝑡  [mm d-1], the 
calculated reference 𝐸𝑇0 [mm d-1] was scaled by an empirical coeffi-
cient (Allen et al., 2005):  

01.15potE ET=  2-4 

Note that 𝐸𝑇0 determined with Equation 2-3 accounts for a reference 
grass surface using a surface resistance 𝑟𝑠 that accounts for stomatal 
resistance. When we calculated 𝐸𝑝𝑜𝑡 using 𝑟𝑠  = 0 in Equation 2-3, we 
found very similar values as 𝐸𝑝𝑜𝑡 obtained with Equation 2-4. 

 

2.3.4 Simulation of Soil Water Flow 

𝐸𝑝𝑜𝑡 values reflect situations when the soil surface is water saturated, 
and 𝐸 is energy controlled (stage-I; (Idso et al., 1974)). When the 𝐸𝑚 
rate becomes less than 𝐸𝑝𝑜𝑡, 𝐸 is soil controlled (i.e., movement of 
water to the soil surface is a limiting factor [stage-II]). 

In order to simulate the periods when the 𝐸 takes place at a potential 
rate (stage-I), the HYDRUS-1D soil water flow model based on the 
Richards equation was used that simulates the temporal evolution of 
the surface soil water content so that time periods when the surface 
is sufficiently wet to maintain the 𝐸𝑝𝑜𝑡  rate can be identified. In a sec-
ond instance, the model was used to simulate the evaporation rate 
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(𝐸𝑠𝑖𝑚) during stage-II when the flux of soil water to the surface is limit-
ing the 𝐸 rate. 

To describe the dynamics and vertical distribution of the soil water 
content and water fluxes in the soil profile, the Richards equation was 
used. The Richards equation simplifies the two-phase (liquid and gas) 
two-component (dry air and water) flow and transport, which are cou-
pled to the heat transport, to an isothermal (no coupling to heat 
transport in the soil) one-component (only water) and one-phase (only 
liquid) equation (Vanderborght et al., 2017).  

It thereby assumes that the effect of the air phase on the liquid flow is 
minor, that flow due to thermal gradients can be neglected, and that 
transport of water vapor in the gas phase can be neglected compared 
with the transport of water by the liquid flow (Li et al., 2020). 

The one-component, one-phase Richards model for one-dimensional 
vertical flow in a soil profile without plants given by Šimůnek et al. 
(2013): 
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where ℎ [m] is the water pressure head, 𝜃 [m3 m-3] the volumetric wa-
ter content, 𝑡 [s] the time, 𝑥 the vertical spatial coordinate (m, positive 
upward), and 𝐾(ℎ, 𝜃) [m s-1] the hydraulic conductivity function, which 
depends on pressure head or water content. The soil water retention 
and hydraulic conductivity function complete Equation 2-5. To solve 
Equation 2-5, boundary conditions at the soil surface and the bottom 
of the lysimeter must be defined. A common approach is to define so-
called “atmospheric” or mixed boundary conditions (Šimůnek et al., 
2013; Vanderborght et al., 2017) . During stage-I and during precipita-
tion events, the 𝐸𝑝𝑜𝑡  flux (Equation 2-4) and the precipitation rate de-
fine the flux boundary condition. These flux boundary conditions are 
used as long as the water pressure head at the surface stays above or 
below a critical threshold pressure head for evaporation or infiltration 
conditions, respectively. When the threshold pressure head is 
reached, the boundary condition is shifted to a pressure head bound-
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ary condition. For the minimum allowed pressure head at the soil sur-
face, a critical pressure head of -1,000 m was used. The periods when 
the pressure head boundary condition is used correspond with stage-
II periods and the calculated water fluxes at the soil surface with the 
stage-II 𝐸 rates. This approach to estimate stage-II 𝐸 rates is based on 
the idea that these rates are predominantly limited by liquid water 
fluxes in deeper soil layers (Salvucci, 1997).  

Assuming that thermal and vapor fluxes have a low impact, the so cal-
culated fluxes were found by Assouline et al. (2013).; Assouline et al. 
(2014); and Assouline and Narkis (2019) to reproduce quite well the 
stage-II 𝐸 rates.  

However, simulations by Fetzer et al. (2017)demonstrated that these 
assumptions may not hold true during daytime, when water transport 
through the dried out and heated up surface layer is mainly due to va-
por transport. The higher temperatures during the day increase the va-
por pressure in the soil resulting in higher vapor concentration gradi-
ents and vapor transport. This incomplete description of the subsur-
face vapor diffusion and evaporation dynamics is also described by 
Shahraeeni and Or (2010, 2012a,2012b); Shokri et al. (2010); and Or 
et al. (2013). 

 

2.3.4.1 HYDRUS-1D Model Setup, Soil Hydraulic Properties, and 
Initial Conditions 

To solve the Richards equation, we used the HYDRUS-1D code. HY-
DRUS-1D is an established model that has been applied successfully 
for the simulation of various hydrologic processes and problems in 
the vadose zone (Šimůnek et al., 2018). The model domain consisted 
of a 1,5 m soil profile that was discretized into 1 cm finite elements. 
For estimating the unsaturated hydraulic conductivity function in 
terms of soil water retention parameters, the description by van 
Genuchten-Mualem (vGM) was chosen (van Genuchten, 1980): 
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where 𝑎𝑣𝐺  [m-1] is related to the inverse of the air entry value, 𝑛 the 
pore size distribution, 𝑙 the pore connectivity, ℎ [m] the matric poten-
tial head and 𝑚𝑣𝐺  is defined as 𝑚𝑣𝐺 = 1 −  1/𝑛𝑣𝐺, where 𝑛𝑣𝐺  >  1. 
𝑆𝑤𝑒 is the effective saturation, and 𝜃𝑠𝑎𝑡 [m3 m-3] and 𝜃𝑟 [m3 m-3] are the 
saturated and residual water contents, respectively. 

Two sets of hydraulic parameters were used in this study: a first set for 
the vGM model were estimated from soil texture (Groh et al., 2016) 
using the ROSETTA PTF implemented in HYDRUS-1D (Schaap et al., 
2001) (Figure 2-2). Values for 𝜃𝑠𝑎𝑡 were derived from measured maxi-
mal soil water contents in 2016, 2017, and 2018 (I). A second set of 
SHP parameters was derived by fitting the water retention curve 
(Equation 2-6) to measurements of water content and water poten-
tials in the lysimeters at the 10-, 30-, and 50-cm depth with the 
SoilHyP R- package (Table 2-4, II). Comparing texture dependent SHP 
(I), there is a difference between the two different soil types, silty loam 
(BL, SB, and SE), and sandy loam (DD) (Figure 2-2). The fitted SHPs (II) 
are very similar for all soils and do not show differences that can be 
related to difference in texture (Figure 2-2). 
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Figure 2-2: Hydraulic conductivity (𝐾) plotted against the pressure head (ℎ, 
bottom) and the water retention curve (top) for the four different soil 
types: Selhausen (SE), Bad Lauchstädt (BL), Sauerbach (SB), and De-
delow (DD). As a reference, curves for clay and sand defined by the 
ROSETTA database were added. Pedotransfer function (PTF) soil hy-
draulic property (SHP) presents texture-based van Genuchten-Mua-
lem parameters, and the fitted SHPs are derived from in situ measure-
ments of water contents and pressure heads. Parameters for the tilled 
surface (DBM) are given by radiometer measurements as described in 
(Dimitrov et al., 2015). 𝜃 is the volumetric water content.  
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Table 2-4: The hydraulic parameters of the van Genuchten - Mualem model 
(vGM) for the different soils estimated from soil texture using ROSETTA 
pedotransfer functions implemented in HYDRUS-1D (Groh et al., 
2016; Schaap et al., 2001) (PTF SHP). 

 
θr θsat 𝜶𝟏 𝒏𝟏 𝑲𝒔 𝝉 𝒘𝟐 𝜶𝟐 𝑵𝟐  
cm3 cm-3 cm-1 

 
cm 
d -1 

  
cm-1 

 

PTF SHP 
         

Bad 
Lauchstädt 
(BL) 

0.0737 0.37 0.0053 1.6290 10.8 0.5 
   

Dedelow (DD) 0.0566 0.37 0.0210 1.3924 18.4 0.5 
   

Sauerbach 
(SB) 

0.0737 0.39 0.0056 1.6305 10.8 0.5 
   

Selhausen (SE) 0.0685 0.36 0.0048 1.6576 10.8 0.5 
   

Fitted SHP 
         

BL 2.0 × 
10-10 

0.37 0.0170 1.1800 10.8 0.5 
   

DD 5.0 × 
10-08 

0.35 0.0140 1.2100 18.4 0.5 
   

SB 0.01 0.39 0.0120 1.2600 10.8 0.5 
   

SE 2.6 × 
10-08 

0.36 0.0170 1.1800 10.8 0.5 
   

Tilled soil SE 0.025 0.45 0.0085 1.9 1,200 0.5 0.35 0.425 2.57 

Note. The saturated water content (𝜃𝑠𝑎𝑡) is taken from maximum field values. 
Also, the soil hydraulic parameters estimated from fits of the retention curve 
to water content and pressure head measurements in the lysimeters (fitted 
SHP) are shown. For the Selhausen soil, parameters of the Durner bimodal 
hydraulic functions that were obtained by inverse modeling of surface soil 
moisture and account for the impact of the changed structure of the surface 
soil layer of a tilled plot (Dimitrov et al., 2015) are also shown. 𝜃𝑟  is the resid-
ual water content, 𝜃𝑠 is the saturated water content, 𝛼 and 𝑛 are shape pa-
rameters, 𝐾𝑠 is the saturated hydraulic conductivity, 𝑤 [kg kg-1] represents 
the weight of the pore domain to total pore volume, and 𝜏 is the tortuosity 
parameter in the conductivity function. 𝜃𝑠𝑎𝑡  values were derived from field 
measurements. 

As mentioned before, during each bare soil period, the soil was tilled 
twice, hence we wanted to know if the tillage has a considerable effect 
on evaporation rates.  

Therefore, for one soil, SE, a third set of hydraulic parameters was 
considered. These parameters were derived from L-band brightness 
temperatures, which are related to the soil moisture content of the 
surface soil layer and which were measured using a tower-based L-
band radiometer that looked on three plots with different soil surface 
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structure: a compacted, harrowed and tilled soil plot (Dimitrov et al., 
2015). Parameters of the surface soil layer were estimated using in-
verse modeling with a radiative transfer model that was coupled with 
the Richards equation. In order to represent the effect of the soil struc-
ture changes due to soil surface management, the bimodal model of 
Durner (DBM) was used to represent the SHP of the tilled surface layer 
(Durner, 1994; Priesack & Durner, 2006).  

The tilled surface layer was assumed to be 5 cm thick, which corre-
sponds with the common tillage depth of the lysimeters. The SHP pa-
rameters of the soil below the tilled surface layer were derived from 
the soil texture using the ROSETTA PTF. The effect of tillage on the SHP 
was assumed to be nondynamic or static. In reality, tillage is done 
each growing season, and rainfall events after tillage might change 
SHP. Further information about the estimation of the hydraulic pa-
rameters is provided by (Dimitrov et al., 2014). 

The tilled surface layer had a larger saturated hydraulic conductivity 
(𝐾𝑠) than the undisturbed soil (Figure 2-2). For more negative ℎ, 𝐾𝑡𝑖𝑙𝑙𝑒𝑑 
is smaller than that of the nondisturbed soil representing the impact 
of the empty interaggregate pores and the hydraulic disconnection of 
the aggregates. 

Initial conditions were set up by interpolation of soil moisture con-
tents measured at 10-, 30-, and 50-cm depth at the beginning of each 
observation period. There were neither sensors at the surface nor bot-
tom of the lysimeter. Hence, the value of the shallowest sensor at 
10 cm in the lysimeter was considered instead, whereas saturation 
was considered to prevail at 1.50-m depth as initial condition. “At-
mospheric” boundary conditions were defined at the upper boundary, 
and a variable pressure head boundary condition was determined at 
the bottom boundary. 

 

2.3.5 Characteristic Length of Evaporation 

We defined the characteristic length of evaporation, 𝐿𝑐, as the depth 
to which a wet soil dries out during stage-I evaporation. In order to de-
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fine this depth, we calculated the amount of water that can be evapo-
rated during stage-I, 𝐸𝑐𝑢𝑚,𝐼  [m]. This amount was divided by the 
change in water content in the dried-out soil layer, which was approx-
imated by (𝜃𝑖  −  𝜃𝑠𝑢𝑟)/2: 

,
2

cum I

c

i sur

E
L

 
=

−
 2-8 

where 𝜃𝑖is the initial water content and 𝜃𝑠𝑢𝑟  is the water content at the 
soil surface. 𝐸𝑐𝑢𝑚,𝐼  was derived from the soil “desorptivity” (𝑆𝑒𝑣𝑎𝑝, m 
d-0.5) and the potential evaporation rate (𝐸𝑝𝑜𝑡), which was taken to be 
4 mm d-1, using the time compression analysis (Fetzer et al., 2017). 
The time compression analysis assumes that the maximal evapora-
tion rate that can be supplied at a certain time from a soil profile, 
which was initially at a uniform water content 𝜃𝑖, only depends on the 
amount of water that evaporated since the start of the evaporation 
process. Considering a virtual evaporation process in which the sur-
face soil moisture at the start of the evaporation process is instanta-
neously decreased to the surface soil moisture 𝜃𝑠𝑢𝑟𝑓, and neglecting 
the impact of gravity on the water flow, the evaporation rate at the soil 
surface can be described as: 

2

evapS
E

t
=  2-9 

and the time at which 𝐸𝑝𝑜𝑡 is reached in this process, 𝑡𝑝𝑜𝑡, is:  

2

24

evap

pot

pot

S
t

E
=  2-10 

The cumulative amount of water that evaporates until 𝐸 reaches Epot, 
which is according to the time compression analysis equal to the 
amount of water that can be evaporated during phase I of an evapora-
tion process with an initially constant evaporation rate Epot, 𝐸𝑐𝑢𝑚,𝐼, can 
be described as:  
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𝑆𝑒𝑣𝑎𝑝
2 was derived from the hydraulic conductivity and the water reten-

tion curve according to (Parlange et al., 1985): 
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where ℎ𝑖 is the initial pressure head and ℎ𝑠 is the pressure head at the 
soil surface. 𝜃𝑠𝑢𝑟 was set equal to the residual water content, 𝜃𝑟 and 
ℎ𝑠  to -15,000 cm [at this pressure head 𝜃(ℎ)  ≈  𝜃𝑟]. The initial water 
content was defined as the water content at ℎ𝑖  = -10 cm. 

 

2.3.6 Evaluation of Model Performance 

Deviations of predictions and observations were evaluated by using 
the 𝑅𝑀𝑆𝐷. The 𝑅𝑀𝑆𝐷 can be divided into the unsystematic difference 
𝑅𝑀𝑆𝐷𝑢 and the systematic difference 𝑅𝑀𝑆𝐷𝑠, which are defined as 
(Willmott et al., 1985; Wilmott, 1982): 
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where xi refers to 𝐸𝑚 and 𝑦𝑖  is 𝐸𝑆𝐻𝑃/𝑃𝑇𝐹/𝑡𝑖𝑙𝑙𝑒𝑑, and 𝑦𝑖̂ is calculated from 
the ordinary least-squares (OLS) linear regression between 
𝐸𝑆𝐻𝑃/𝑃𝑇𝐹/𝑡𝑖𝑙𝑙𝑒𝑑 and 𝐸𝑚. 
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Dividing the RMSD helps to understand whether model performance 
can be improved through recalibration (reducing RMSDₛ) or if it’s lim-
ited by inherent randomness (RMSDᵤ). 

 

2.4 Results 

2.4.1 Potential and Measured Evaporation: Total 
Amounts, Monthly and Daily Averages 

In Figure 2-3 𝐸𝑝𝑜𝑡, 𝐸𝑚 from the different soils, and the precipitation 
(𝑃𝑖), are shown for the monitoring periods in the three different years. 
For all years,𝐸𝑚 < 𝐸𝑝𝑜𝑡 , 𝐸𝑝𝑜𝑡 > 𝑃𝑖, and 𝐸𝑚 does not differ considera-
bly among the soil types. The difference between 𝐸𝑝𝑜𝑡 and 𝐸𝑚 was the 
largest in 2018 and the smallest in 2017, whereas precipitation was 
the largest in 2017 and the smallest in 2018. Despite the fact that 
𝐸𝑝𝑜𝑡 > 𝑃𝑖 , 𝐸𝑚 was smaller than the precipitation in all years so that 
there was an infiltration surplus in all years that wetted up the soil pro-
file. The infiltration surplus was largest in 2016. Since the timing and 
duration of the monitoring period in 2016 is different from that in the 
other two years, a direct comparison of the values for this year with 
the other two years is difficult. 

 

Figure 2-3: Comparison between measured evaporation (𝐸𝑚) for the Bad 
Lauchstädt (BL), Selhausen (SE), Sauerbach (SB), and Dedelow (DD) 
soils, potential evaporation (𝐸𝑝𝑜𝑡), and precipitation.*In 2016, bare 
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soil evaporation was monitored over a 72-d period vs. the 91-d period 
for 2017 and 2018. 

According to the ANOVA analysis, the difference in time-averaged 𝐸𝑚 
among soil types was not significant (Table 2-5). The time-averaged 𝐸 
rates of the 12 different lysimeters were significantly different inde-
pendently from the soil type. Their rates varied too much within a given 
soil type to observe significant soil effects on the time-averaged 𝐸, 
and consequently cumulative 𝐸. The standard deviation of the soil ef-
fect was 0.014 mm d-1, whereas the standard deviation of the time-av-
eraged 𝐸 rates from the different lysimeters was 0.027 mm d-1. In other 
words, the soil effects (Table 2-6) were too small compared to the var-
iation of the 𝐸 between the different lysimeters. The soil–time interac-
tion effects were significant. This means that despite the nonsignifi-
cant differences between the time-averaged 𝐸 rates of the different 
soils, the temporal variations of the 𝐸 rates varied significantly be-
tween the different soils. It should be noted that the analysis was car-
ried out using daily averaged 𝐸 rates. Therefore, the analysis does not 
provide information about differences in evaporation rates between 
soils and individual lysimeters at a higher temporal resolution (e.g., 
diurnal variation in 𝐸). The day-to-day “unexplained variation” or 
“model error” was 0.09 mm d-1 (Table 2-5) and represents the stand-
ard deviation of the difference between the 𝐸 rate at a given day of a 
single lysimeter, which is corrected for its average lysimeter effect, 
and the average rate of lysimeters from the same soil at that day. The 
time effects were strongly significant (i.e., average 𝐸 rates in the dif-
ferent lysimeters of the different soils varied significantly over time 
compared with the “unexplained” variation). 
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Table 2-5: ANOVA analysis showing the significance of differences caused by 
time, soil, lysimeters and the unexplained error. 

Source Sum of 
squares 

df Mean 
square 

F Prob > 
F 

SD ef-
fect       
mm d-1 

Time 1,118.419 222 5.037 626.608 0 0.647 
Soil 0.364 3 0.121 0.738 0.557 0.014 
Lysime-
ter(soil) 

1.316 8 0.164 20.473 6.99 × 
10-30 

0.027 

Time × 
soil 

17.700 666 0.026 3.305 2.98 × 
10-88 

0.094 

Error 14.279 1,776 0.008 
  

0.089 
Total 1,152.081 2,675 

    

 

Table 2-6: Coefficients table: overall mean evaporation 𝐸̅ and soil effects (𝑆𝑠) 
of the four different soils: Bad Lauchstädt (BL), Selhausen (SE), Sauer-
bach (SB), and Dedelow (DD) 

Parameter Value  
mm d-1 

Overall mean 𝐸̅ 1.020 
Soil effect, 𝑆𝑠 

 

BL 0.006 
SE 0.005 
SB 0.009 
DD -0.02 

 

2.4.2 Monthly Mean Diurnal Variation of Potential and 
Measured Evaporation 

Figure 2-4 presents the monthly mean diurnal variation of the 𝐸𝑝𝑜𝑡and 
𝐸𝑚 in the four soils. In all cases, the peak of the mean diurnal Em was 
less than that of 𝐸𝑝𝑜𝑡. In months when 𝐸𝑚 was significantly less than 
𝐸𝑝𝑜𝑡 (August 2016 and 2018, September and October 2018), the peak 
of the mean diurnal 𝐸𝑚 flattened off. The mean diurnal evaporation 
values show that water-limited or stage-II evaporation occurred dur-
ing all months. 𝐸𝑚 values during stage-II depend on the SHPs (Mosthaf 
et al., 2014). We therefore expected to observe differences in the 𝐸 
rates between the different soils in these months, especially between 
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the DD soil with a sandier texture and the other soils. But the mean 
diurnal 𝐸𝑚 variation was very similar for the different soil types. 

 

Figure 2-4: Monthly mean diurnal variation of potential and actual evapora-
tion rates in each soil for the three different observation periods (2016, 
2017, and 2018). BL, SE, SB, and DD are the different soil types: Bad 
Lauchstädt, Selhausen, Sauerbach, and Dedelow, respectively. 𝐸𝑝𝑜𝑡  
describes the potential evaporation. The vertical bars represent the 
standard deviation of the day-to-day hourly evaporation rate at a given 
hour. 

 

2.4.3 Water Content 

Temporal dynamics in soil water content (𝜃) were stronger in shallow 
layers (10- and 30-cm depths) than at 50 cm, regardless of the inves-
tigated bare soil period (Figure 2-7). The driest soil conditions were ob-
served in 2018: although the 𝜃10𝑐𝑚 value was ∼0.25 m3 m-3 at the be-
ginning of the monitoring period in August in 2017 and 2016, it was 
only ∼0.12 m3 m-3 in 2018. 𝜃30𝑐𝑚 and 𝜃50𝑐𝑚 were around 0.3 m3 m-3 at 
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the beginning of August in 2016 and were considerably larger than in 
2017 and 2018 (∼0.2 m3 m-3). In 2016, the soils remained wet at 30- 
and 50-cm depth. Compared with 2016 and 2018, 2017 was a rela-
tively wet year when several drying and rewetting periods could be ob-
served in the first 10 cm. In 2018, due to the initially dry soil conditions 
in the upper soil, precipitation was not sufficient to wet up the soil at 
30 and 50 cm. In summary, with each year, a different scenario was 
observed. During the observation period in 2016, climate conditions 
were dry and the soil, especially in the deeper soil layers, was wet (Fig-
ure 2-5). In 2017, climate conditions were relatively wet, as was the 
soil. The opposite conditions occurred in 2018, when the climate was 
dry, as well as the soil . 

A systematic difference in water content at a given soil depth among 
the different soil types was not detected in the ANOVA analysis (i.e., it 
was systematically smaller than the difference in water content at the 
considered depth among lysimeters of the same soil type). The stand-
ard deviation of the lysimeter effects on soil moisture measurements 
in a certain soil was between 0.023 m3 m-3 at 10- and 30-cm depth and 
0.03 m3 m-3 at 50-cm depth, whereas the standard deviation of the soil 
effect on soil moisture was only 0.011 m3 m-3 at 10-cm depth, 0.019 m3 
m-3 at 30-cm depth, and 0.021 m3 m-3 at 50-cm depth. The unexplained 
error in the ANOVA model was 0.023, 0.024, and 0.019 m3 m-3 at 10-, 
30-, and 50-cm depth, respectively. 
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2.4.4 Model Results 

2.4.4.1 Cumulative Evaporation Rates 
Simulations using SHPs that were derived from soil texture with PTFs 
highly overestimated evaporation. Although there was barely any dif-
ference in 𝐸𝑃𝑇𝐹  between the silty loam soils (BL, SB, and SE), the 
sandy loam soil (DD) 𝐸𝑃𝑇𝐹  rates were less in comparison with BL, SB 
and SE in all years. Although 𝐸𝑃𝑇𝐹 >> 𝐸𝑚, differences between tex-
tures can be seen in simulations contrary to observations. The highest 
𝐸𝑃𝑇𝐹  rates were simulated for 2016 with 𝐸𝑠𝑖𝑚  ≈  𝐸𝑝𝑜𝑡 for the silty loam 
soils. The lowest overestimation by 𝐸𝑃𝑇𝐹  was in 2018 for the DD soil 
(+35.5 mm). 

Using SHP parameters obtained from fits to in situ measurements of 
water content and pressure heads led to better estimates of 𝐸 (𝐸𝑆𝐻𝑃) 
compared with 𝐸𝑃𝑇𝐹  (Figure 2-8). For all years and soils, 𝐸𝑆𝐻𝑃 <  𝐸𝑃𝑇𝐹  
and 𝐸𝑆𝐻𝑃  corresponded better than 𝐸𝑃𝑇𝐹  with 𝐸𝑚. 𝐸𝑆𝐻𝑃  was smaller 
for the silty loam BL and SE soils than for the silty loam SB and the 
sandy loam DD. For the latter two soils, 𝐸𝑆𝐻𝑃  was still larger than 𝐸𝑚, 
especially in 2016. 
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Further simulations with HYDRUS-1D were carried out for the SE soil 
using SHPs that were estimated from surface soil moisture measure-
ment of a tilled soil plot, 𝐸𝑡𝑖𝑙𝑙𝑒𝑑. Due to tillage, the hydraulic properties 
of the upper layer showed similarities to those of a coarse textured 
layer (Carminati et al., 2007).  

A coarser layer on top of the soil profile accelerates the decrease in 
hydraulic connectivity of the soil surface with the soil profile, which 
reduces the duration of stage-I and causes a rapid transition towards 
stage-II and much smaller 𝐸 rates during stage-II (Assouline et al., 
2014). This was also observed indirectly in the tilled plots that were 
monitored by Dimitrov (2015)at the SE site. Observed surface temper-
ature differences between the tilled and compacted plots corrobo-
rated the differences in simulated evaporation fluxes between both 
plots that resulted from the different SHPs of the plots due to the dif-
ferent structure of the surface layer. Implementing the tilled layer in 
HYDRUS-1D resulted in 𝐸𝑡𝑖𝑙𝑙𝑒𝑑 < 𝐸𝑝𝑜𝑡, in contrast with the simulation 
for a homogeneous soil profile using the PTF-derived SHPs, which pre-
dicted 𝐸𝑚  ≈  𝐸𝑝𝑜𝑡 for the silty loam (BL, SB, and SE) in 2016 (191 mm). 
The tilled surface layer limited 𝐸𝑡𝑖𝑙𝑙𝑒𝑑 to 107 mm, which is closer to the 
observations (58 mm). A reduced 𝐸𝑡𝑖𝑙𝑙𝑒𝑑  compared with  𝐸𝑃𝑇𝐹  was 
also simulated in 2018 (99 mm), and in 2017, 𝐸𝑡𝑖𝑙𝑙𝑒𝑑 = 𝐸𝑚 (Figure 2-8). 

For a more detailed analysis of this system and the influence of a tilled 
layer on 𝐸 rate dynamics, more field information is needed (e.g., de-
tailed measurements above 10-cm depth, near-surface atmospheric 
conditions, tillage, etc.). Note again that a tilled layer of 5-cm thick-
ness is an assumption and using a thicker or thinner surface layer may 
have an impact on the 𝐸𝑡𝑖𝑙𝑙𝑒𝑑 rates. 

 

2.4.4.2 Characteristic Lengths of Evaporation 
The soil water retention curves that are obtained for the different soils 
using PTFs, using in situ measurements of soil water contents and 
pressure heads, or using inverse modeling show important differ-
ences (Figure 2-2). For instance, the water retention curves derived 
using PTFs suggest a narrower pore size distribution than the retention 
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curves that were measured in situ, which is reflected in the smaller 𝑛1 
values of the in situ measured curves. These differences are trans-
lated in the soil hydraulic conductivity curves. For the same saturated 
hydraulic conductivity, the Mualem model predicts considerably 
smaller unsaturated hydraulic conductivities when the 𝑛1 parameter 
decreases. The hydraulic conductivity curves that are based on the in 
situ measured soil water retention curves resemble the unsaturated 
hydraulic conductivity of a clay soil. Also, the unsaturated hydraulic 
conductivity of the tilled surface layer is considerably smaller than the 
unsaturated hydraulic conductivity that was derived from PTFs. How 
these differences in soil hydraulic properties translate into differ-
ences in simulated soil evaporation can be characterized using the 
characteristic length of evaporation (𝐿𝑐,Table 2-7). Soil hydraulic pa-
rameters that are derived from soil texture using PTFs corresponded 
for the silty loam soils with very high characteristic lengths (i.e., 
around 300 cm). The large overestimation of 𝐸𝑚 by 𝐸𝑃𝑇𝐹  demon-
strates that large characteristic lengths do not represent the evapora-
tion properties of these soils. This confirms the argument of Lehmann 
et al. (2020) that estimates of SHPs should best be constrained by 
characteristic lengths of evaporation. Soil hydraulic parameters that 
were derived from fitting the water retention curve to in situ measured 
water content and pressure head measurements corresponded with 
smaller 𝐿𝑐 (10–50 cm) and better predicted 𝐸𝑚. Additionally, the tilled 
surface layer had a smaller 𝐿𝑐. It should be noted that the ranking of 
𝐿𝑐 reproduced well the ranking of the simulated 𝐸 in the different soils 
and different years. 𝐿𝑐 can therefore be considered as a good charac-
teristic that translates SHPs to evaporation properties of a soil. 
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Table 2-7: Characteristic lengths of evaporation calculated from soil hydrau-
lic parameters (SHPs) that were derived from soil texture using pedo-
transfer functions (PTFs) (𝐿𝑐,𝑃𝑇𝐹), from in situ measured soil water con-
tents and pressure heads (𝐿𝑐,𝑆𝐻𝑃), and from soil surface water con-
tents in a tilled soil using inverse modeling (𝐿𝑐,𝑡𝑖𝑙𝑙𝑒𝑑) in the different 
soils 

Soila Lc,PTF Lc,SHP Lc,tilled  
cm 

SB 359 32 
 

SE 291 10 43 
DD 55 29 

 

BL 308 10 
 

a SB, Sauerbach; SE, Selhausen; DD, Dedelow; BL, Bad Lauchstädt. 

Since the measured cumulative evaporation rates were reproduced 
the best by the simulations that used hydraulic parameters derived 
from in situ measured retention curves, 𝐸𝑆𝐻𝑃, we evaluated the simu-
lated daily evaporation rates only for 𝐸𝑆𝐻𝑃. The overall difference be-
tween daily 𝐸𝑚 and 𝐸𝑆𝐻𝑃  is quantified by the root mean square differ-
ence [𝑅𝑀𝑆𝐸 = (𝑅𝑀𝑆𝐷𝑠

2 + 𝑅𝑀𝑆𝐷𝑢
2)0.5]. 

In Figure 2-7, the scatter plots for 𝐸𝑆𝐻𝑃  show us frequent under- and 
overestimation of evaporation. In 2016, the overestimation of the cu-
mulative 𝐸𝑚 in the DD and SB soils by 𝐸𝑆𝐻𝑃  is reflected in the large 
RMSDs. The RMSDs is small for 2018 when cumulative 𝐸𝑚 was pre-
dicted well in all soils. The nonstructural error between the daily 𝐸𝑚 
and 𝐸𝑆𝐻𝑃  varied between 0.41 mm d-1 in 2018 and 0.69 mm d-1 in 2017. 
This error represents the day-to-day error between the model and 
measurements that cannot be removed after a linear transformation 
of the simulation results. It is considerably larger than the day-to-day 
“unexplained variation” of the daily evaporation rates among lysime-
ters of the same soil, (0.09 mm d-1, Table 2-5). This indicates that the 
nonstructural error must be attributed to model uncertainty or errors 
rather than to measurement errors. In 2017, the good fit of 𝐸𝑐𝑢𝑚 is 
achieved due to under- and overestimations of E, which are canceling 
out each other. Compared with 2016 and 2018, 2017 has more days 
where 𝐸𝑆𝐻𝑃 < 𝐸𝑚. A closer inspection revealed that the period in 2017 
when 𝐸𝑆𝐻𝑃 < 𝐸𝑚 was before the pesticide application on 1 Septem-
ber, and during this period, the soil surface was not completely bare 

https://acsess.onlinelibrary.wiley.com/doi/full/10.1002/vzj2.20102#vzj220102-tbl7-note-0001_150
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and the measured water loss from the lysimeter could represent tran-
spiration by weeds. 

 

Figure 2-7: Scatter plots of measured daily (𝐸𝑚) versus simulated (𝐸𝑆𝐻𝑃) using 
soil hydraulic parameters estimated from in situ measured retention 
curves. The systemic (𝑅𝑀𝑆𝐷𝑠) and unsystemic (𝑅𝑀𝑆𝐷𝑢) RMSD values 
are mean values for the Bad Lauchstädt (BL), Dedelow (DD) Sauer-
bach (SB), and Selhausen (SE) soil in each year; individual values for 
each soil can be found in Annex A.1 (supplemental material). In 2017, 
dates of high underestimation are not considered for calculating 
𝑅𝑀𝑆𝐷𝑠, 𝑅𝑀𝑆𝐷𝑢, and 𝑅2, as completely bare soil conditions are not 
given in this timeframe. 

We can identify three main cases for daily 𝐸 rates: (a) 𝐸𝑆𝐻𝑃 > 𝐸𝑚 dur-
ing stage-II as seen in 2018 (Figure 2-8 a), (b) 𝐸𝑆𝐻𝑃 < 𝐸𝑚 during stage-
II (August 2018) (Figure 2-8 b), and (c) 𝐸𝑝𝑜𝑡 = 𝐸𝑚 = 𝐸𝑆𝐻𝑃, which is 
mostly the case in early stage-I (Figure 2-8 d). This leads to the follow-
ing conjectures: at an intermediate soil wetness (θ = 0.15–0.3), 𝐸𝑚 de-
creases to<𝐸𝑝𝑜𝑡 faster than 𝐸𝑆𝐻𝑃  does (Figure 2-8 a). This faster de-
crease is due to an overestimation of the unsaturated conductivity for 
an intermediate wetness or due to 𝐸𝑝𝑜𝑡  overestimating stage-I evapo-
ration. Under dry conditions, vapor transport and liquid film flow play 
important roles but are not taken into account in the hydraulic con-
ductivity function used (Or et al., 2013) Figure 2-8 b), which may lead 
to an underestimation of 𝐸𝑚. The role of vapor transport during dry 
conditions was also apparent from the course of the diurnal 𝐸𝑚 rate, 
which followed the typical course of the 𝐸𝑝𝑜𝑡 but at a lower rate (Figure 
2-8 a, b). Another indication for vapor flow is the increase of daily 𝐸𝑚 
when 𝐸𝑝𝑜𝑡 increases during stage-II (Figure 2-8). The diurnal course of 
𝐸𝑚 and the increase of 𝐸𝑚 with 𝐸𝑝𝑜𝑡 during stage-II cannot be repro-
duced by a model that only considers liquid flow, uses a pressure 
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head threshold upper boundary condition, and does not account for 
an increase of vapor transport due to higher vapor concentrations and 
concentration gradients in the surface soil layer when the soil surface 
heats up (Fetzer et al., 2017). 

 

Figure 2-8: Examples highlighting three differences between measured and 
simulated evaporation: (a) overestimation of evaporation by the Rich-
ards equation during stage-II, (b) underestimation of evaporation rates 
during stage-II, (c)  evaporation rate underestimated by the model dur-
ing nighttime due to an underestimation of the potential evaporation, 
and (d) measured and simulate evaporation equal to the potential 
evaporation. Shaded areas show the range in evaporation rates of ly-
simeter replicates. 

Having a closer look at diurnal dynamics, we can also identify a fourth 
case relevant for hourly 𝐸 rates: (d) 𝐸𝑚 > 𝐸𝑝𝑜𝑡 and 𝐸𝑆𝐻𝑃  ≤  𝐸𝑚 by 
night (Figure 2-8 a,c), which is especially relevant for wet soils as in 
2017. Large differences were especially visible during nighttime, when 
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𝐸𝑚 is mainly driven by wind speed (Figure 2-8 c);(Groh et al., 2019). 
Recent investigations highlight that water losses during night are of 
relevance at the global scale(Padrón et al., 2020). Also, non-rainfall 
water such as dew might play a role for larger 𝐸𝑚, which can make up 
2-7 mm per month of 𝐸 on grassland lysimeters (Brunke et al., 2019). 

 

2.5 Discussion  

During all three observation periods, daily potential evaporation (𝐸𝑝𝑜𝑡) 
was never reached by daily measured evaporation (𝐸𝑚), even under 
wet conditions as in 2017. Even though evaporation was water limited, 
no differences in 𝐸𝑚 were observed between different soils. This does 
not agree with findings of Merlin et al. (2016) and Tolk et al.(2015), who 
found clear effects of soil texture on evaporation fluxes and of the soil 
type on evaporation rate during stage-II. We can assume that a lack of 
differences in 𝐸 is due to small differences in soil texture and soil hy-
draulic properties in our lysimeters in combination with the impact of 
a disturbed surface layer. Additionally, it must be considered that 𝐸𝑝𝑜𝑡 
is much smaller in this study than experienced by Tolk et al. (2015). 

Three model approaches with different SHPs were compared with 
each other. Using SHPs that were estimated from soil texture using 
the ROSETTA PTFs resulted in a considerable overestimation of the 
measured evaporation, especially for the silty loam soils (BL, SB, and 
SE). This suggests that the hydraulic conductivity of the fine soils was 
overestimated. 

For one soil, SHPs were derived from surface measurements of soil 
moisture using inverse modeling (Dimitrov et al., 2015), and it was ob-
served that the disturbance of a surface layer by, for instance, tillage 
affected the hydraulic properties of the surface layer. Loosening the 
soil surface disrupts the connection of the soil surface via fine capil-
laries with soil water in deeper soil layers. This reduces the amount of 
water that can be evaporated from a wet soil at a potential rate. Under 
unsaturated conditions, the hydraulic conductivity of a loosened ag-
gregated soil layer can be much smaller than that of a less structured 
soil so that the loosened aggregated soil behaves as a soil with a 
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coarser texture. Not considering this effect of soil loosening or soil 
structure on unsaturated soil properties could lead to an overestima-
tion of 𝐸 from finer textured soils, as was also demonstrated in a sim-
ulation study by Schlüter et al. (2012). In addition, the thickness of the 
loosened layer could have an effect on the evaporation, but this was 
not investigated further in our study, since we did not have information 
about this surface layer thickness. Assouline et al. (2014); Li et 
al.(2020); and Shokri et al. (2010)discussed the effect of soil layering 
on evaporation. They considered layers of different textures and quan-
tified the effect of soil layering in terms of the unsaturated hydraulic 
properties of the soil layers, (i.e., the characteristic length; Lehmann 
et al.(2008)). These concepts could also be applied to layers with a 
different soil structure. Implementing a surface layer with different 
SHPs because of a change in soil structure due to soil loosening im-
proved the simulation results, but except for 2017, 𝐸𝑡𝑖𝑙𝑙𝑒𝑑 was larger 
than 𝐸𝑚. 

A second set of SHP parameters were derived from in situ measure-
ments of water content and soil water pressure heads. Even though 
the saturated hydraulic conductivity was still estimated from soil tex-
ture, using in situ measured water retention curves improved the esti-
mation of the evaporation rates considerably. The in situ measured 
retention curves suggested a wider pore size distribution than the re-
tention curves that were derived from PTFs. This resulted in lower es-
timates of the unsaturated hydraulic conductivity using the capillary 
model of Mualem (van Genuchten, 1980) and consequently in a lower 
simulated evaporation and a better agreement with the measured 
evaporation. 

The simulated evaporation rates were very sensitive to the SHP used. 
In analogy to Lehmann et al. (2008), we derived a characteristic length 
of evaporation (𝐿𝑐) from the soil hydraulic soil properties and found 
that 𝐿𝑐 can be used to compare evaporation that is predicted for dif-
ferent SHPs. We also confirmed the conclusion by Lehmann et al. 
(2020) that SHPs derived from soil texture using PTFs may have unre-
alistically large 𝐿𝑐 values for soils with a medium soil texture and con-
sequently lead to overestimations of evaporation losses from these 
soils. 
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It must also be taken into account that the soil profiles in this study 
were assumed to be vertically homogeneous with respect to their hy-
draulic properties. In reality, natural soils often exhibit vertical heter-
ogeneity due changes in texture and structure with depth. Such verti-
cal variations in soil hydraulic properties can affect water flow and soil 
evaporation. Ignoring this heterogeneity may therefore contribute to 
discrepancies between simulated and measured evaporation. Con-
sequently, the assumption of homogeneous soil profiles may have led 
to an overestimation of evaporation in our simulations. Besides the 
soil texture, the influence of soil color on albedo and how it affects soil 
temperature and evaporation should be considered as one interacting 
factor. Gascoin et al. (2012) used a land surface model and hourly me-
teorological data, to investigate the effect of coupling bare soil albedo 
with surface soil moisture on a moraine. One result is that implement-
ing the effect of soil moisture on bare soil albedo importantly influ-
ences the surface fluxes at the monthly and annual scale. 

The Richards equation considers only liquid flow in the soil and uses 
a pressure head boundary at the soil surface to simulate the evapora-
tion when the water pressure head reaches a threshold value. The 
Richards equation simulated bare soil lysimeter evaporation losses 
quite well when appropriate SHPs were used, including how they were 
reduced compared with the potential evaporation losses, estimated 
with the FAO-PM method scaled by an empirical coefficient (Allen et 
al., 2005). The use of a threshold boundary condition in the Richards 
equation decouples simulated evaporation dynamics from the dy-
namics of evaporative forcing and heat fluxes during stage-II and 
forces the simulated evaporation rate to decrease monotonously over 
time when the soil dries out (Vanderborght et al., 2017). As was al-
ready shown using numerical simulations (Assouline et al., 2013; Fet-
zer et al., 2017) and is now further confirmed by measurements, this 
approach it is not able to reproduce diurnal dynamics when vapor 
transport in the porous medium is more important than liquid flow and 
vapor concentration in the soil increases during a day due to an in-
crease in soil temperature. Neither can an increase in daily evapora-
tion during stage-II, due to for instance a higher radiative forcing, be 



90  

reproduced by this model. Other boundary conditions (e.g., using re-
sistance terms that depend on surface soil moisture; van de Griend & 
Owe, (1994)) could be implemented to represent diurnal evaporation 
dynamics. Especially in loosened surface layers with large interaggre-
gate pores, advective air flow may enhance vapor transport (Farrell et 
al., 1966; Ishihara et al., 1992; Kimball & Lemon, 1971; Maier et al., 
2012; Scotter & Raats, 1969). Further research is needed to evaluate 
and quantify the impact of soil surface management practices, which 
influence soil structure and surface roughness and which aim at re-
ducing soil evaporation losses. 

Since the soil evaporation was in general smaller than 𝐸𝑝𝑜𝑡, except 
during some nights, we could not test the FAO-PM approach to calcu-
late the potential evaporation of a wet soil surface. An important as-
sumption in the PM is that the soil heat flux at the soil surface can be 
approximated as a fraction of the net radiation. When fluxes are aver-
aged or accumulated over a longer time, this approximation may pro-
vide quite accurate results. However, over shorter times, when soil 
heat fluxes can make an important contribution in the surface energy 
balance, a more accurate estimation of the soil heat flux may be re-
quired - for instance, to obtain better estimates of the variation in daily 
evaporation. In this case, if soil heat flux is of concern and a better es-
timate for diurnal variations in potential evaporation is needed, mod-
els as developed by Evett et al. (2012) can give estimates that are 
more accurate. 

 

2.6 Conclusion 

Our study is evaluating a unique data set of measurements under nat-
ural outdoor conditions in natural undisturbed soil for three years with 
different climatic conditions. The comparison of the simulations 
shows that estimates of evaporation are sensitive to the choice of 
SHPs. SHPs derived from texture-based pedotransfer functions over-
estimated evaporation, especially in the silty loam, due to unrealisti-
cally high hydraulic conductivities and characteristic lengths of evap-
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oration. Using in situ measured water retention curves improved sim-
ulations by giving more realistic estimates of unsaturated hydraulic 
conductivity. Incorporating a tilled surface layer with modified SHPs 
also improved simulations, which highlights the strong influence of 
soil structure and surface disturbance on evaporation dynamics.  

The Richards equation reproduced cumulative evaporation losses 
reasonably well when appropriate SHPs were used but remained un-
able to capture diurnal variations or increases in stage-II evaporation 
driven by atmospheric forcing. This limitation arises from the use of a 
pressure head boundary condition that neglects vapor phase pro-
cesses, thermal gradients and potential advective air flow in the sur-
face layer. 

Our work shows that accurate SHPs, preferably obtained from meas-
urements, are important for reliable evaporation modeling; soil sur-
face structure and management influence evaporation but are often 
neglected, and improved boundary conditions and vapor transport 
formulations are needed to capture diurnal dynamics and fully repre-
sent soil atmospheric interactions. Our findings underline the im-
portance of accounting for both hydraulic and structural soil proper-
ties when predicting soil evaporation and provide a basis for improv-
ing models used in hydrological and agricultural applications. 

With this study a data set is provided which can also be used for fur-
ther studies and for the validation of more detailed models than the 
approach used in this research.  
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3 Analysis of Experimental and Simulation Data of Evapo-
ration-Driven Isotopic Fractionation in Unsaturated Po-
rous Media 

This chapter is adapted from: Schneider, J., Kiemle, S., Heck, K., 
Rothfuss, Y., Braud, I., Helmig, R., & Vanderborght, J. (2024). Analysis 
of experimental and simulation data of evaporation‐driven isotopic 
fractionation in unsaturated porous media. Vadose Zone Journal, 
23(5), e20363. 

Throughout Chapter 3 the terminology regarding isotopologues was 
improved and equations changed into 1-D formulations. Minor infor-
mation was added for better understanding. In chapter 3.3.3 the R-
VSMOW value was corrected, the correction does not have any im-
pact on the results. The discussion and conclusion (Chapter 3.4) were 
complemented with information about the handling of the kinetic 
fractionation in DuMux and a paragraph about model preferences.  

The first authorship is shared, Stefanie Kiemle contributed to this 
work with simulations using a multi-phase multi-component 
transport model that resolves flow through the near-surface atmos-
phere and the soil, and models transport and fractionation of the sta-
ble water isotopologueues using the numerical simulation environ-
ment DuMux. 

As the co-first author, I (Jana Schneider) conducted all simulations 
using the SiSPAT-Isotope model, which simulates water and heat 
transfer in the soil-plant-atmosphere continuum and the movement 
and fractionation of water isotopes during processes like evaporation, 
condensation, and water transport through soil. 

This collaborative approach allowed us to compare different model-
ing frameworks and develop a comprehensive understanding of evap-
oration driven isotopic fractionation in unsaturated porous media. 
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3.1 Abstract 

Stable water isotopologues can add valuable information to the un-
derstanding of evaporation processes. The identification of the evap-
oration front from profiles of isotopic composition under very dry soil 
conditions is of particular interest. We compared two different mod-
els that describe isotopologue transport in a drying unsaturated po-
rous medium, SiSPAT-Isotope and DuMux. In DuMux, the medium can 
dry out completely whereas in SiSPAT-Isotope, drying is limited to the 
residual water saturation. We evaluated the impact of residual water 
saturation on simulated heavy isotopologue enrichment. For a low re-
sidual water saturation, both models simulated similar heavy isotop-
ologue enrichment. For high residual water saturation, SiSPAT-Iso-
tope simulated considerably lower heavy isotopologue enrichment 
than DuMux. This is attributed to the buffering of changes in isotopo-
logue composition by the residual water in SiSPAT-Isotope and an ad-
ditional enrichment of heavy isotopologues due to evaporation of re-
sidual water in DuMux. Additionally, we present a comparison be-
tween high-frequency experimental data and model simulations. We 
found that diffusive transport processes in the laminar boundary layer 
and in the dried-out surface soil layer need to be represented correctly 
to reproduce the observed downward movement of the evaporation 
front and the associated peak of heavy isotopologue enrichment. Ar-
tificially increasing the boundary layer thickness to reproduce a de-
crease in evaporation rate leads to incorrect simulation of the loca-
tion of the evaporation front and isotopic composition profile. 

 

3.2 Introduction 

Evaporation is a key variable in the global water cycle depending on 
the land surface type, soil evaporation makes up 10 % to 87 % of the 
total evapotranspiration (Rothfuss et al., 2021). Especially in dry re-
gions, soil evaporation can account for up to 95 % of the total evapo-
transpiration (Kool et al., 2014; Wilcox et al., 2003). Soil evaporation 
is defined as the water loss from the soil surface that is not associated 
with carbon assimilation by the vegetation. Reducing the water loss 
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caused by soil evaporation increases the amount of water that can be 
used for plant transpiration, which is linked with carbon uptake by 
vegetation. Consequently, this uptake leads to an increase in vegeta-
tion growth and crop growth, and finally to enhanced crop yields. Es-
pecially in dry regions and in terms of climate change, reducing soil 
evaporation is a key process to optimize water use management (An-
derson et al., 2017; Boutraa et al., 2010; Kool et al., 2014; Milly et al., 
2005; Oki & Kanae, 2006). Water-stable isotopologues (1𝐻2𝐻16𝑂 and 

𝐻2
18𝑂) are powerful tracers for water flow in soil-plant-atmosphere 

systems (Braud et al., 2005; Dubbert & Werner, 2019; Rothfuss et al., 
2021; Rothfuss & Javaux, 2017; Yakir & Sternberg, 2000), as their 
transport and gas-liquid exchange behavior differs from 𝐻2

16𝑂. This 
difference in transport behavior leads to a change in heavy isotopo-
logue enrichment in the pore water that is related to evaporation 
rates. Furthermore, they can be used to infer how incoming water with 
a different isotopic signature than the water present in the soil pores 
intermixes and displaces pore water (Braud et al., 2005; Herczeg & 
Leaney, 2011; Rothfuss et al., 2010, 2015). Consequently, the varia-
tion in the ratio of soil water isotopes (𝛿2𝐻, 𝛿18𝑂) provides information 
about flow, mixing within the unsaturated zone, the evaporation front, 
and interactions between atmosphere and soil. Especially for evapo-
ration, measurements of isotope ratio profiles can be used to assess 
evaporation rates and the depth of the evaporation front in the soil 
profile, as evaporation processes at the soil surface and within the 
soil lead to an enrichment of the heavier water isotopologues in the 
liquid phase (Rothfuss et al., 2021). 

Modeling the transport of isotopologues in the unsaturated zone can 
enhance the understanding of the influencing parameters of evapora-
tion and can be used to assess water management strategies. There 
are several models available that can model isotopologue transport 
and fractionation for that purpose. State-of-the-art for water-stable 
isotopologue modeling is the Simple Soil-Plant-Atmosphere 
Transport model (SiSPAT-Isotope), which is a soil-vegetation-atmos-
phere transfer model including a module for isotopologue transport in 
the soil and within plants (Braud et al., 2005; Haverd & Cuntz, 2010). 
The liquid water flow and vapor transport model is based on the Philip 
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and de Vries (1957) model. Another model based on the same physi-
cal processes is Soil-Litter-Iso (Haverd et al., 2011; Haverd & Cuntz, 
2010), developed to be used on a regional scale based on Ross' fast 
solution to the Richards equation (Ross, 2006). Additionally, the HY-
DRUS-1D model can simulate isotopologue transport while account-
ing for evaporation fractionation (Zhou et al., 2021). The fractionation 
process is based on the same equations as the SiSPAT-Isotope mod-
ule. Recently, Kiemle et al.(2023) presented a model for isotopologue 
transport in a coupled soil-atmosphere model within the framework 
of the numerical simulator DuMux (Koch et al., 2021). 

As isotopologue fractionation mainly occurs at the evaporation front, 
that is, the interface between dry and wet soil, the model should be 
able to describe the drying of the unsaturated zone to dry soil condi-
tions. Generally, when the soil dries out, capillary pressure rises. To 
describe that process on the continuum scale, commonly a relation-
ship between capillary pressure and saturation is used (e.g., the van 
Genuchten relationship (van Genuchten, 1980)). 

Under dry soil conditions, this relationship generally leads to large 
gradients and theoretically infinite capillary pressures, which makes 
the numerical modeling of these conditions particularly challenging. 
There are different possibilities to overcome these difficulties. One 
possibility is to regularize the capillary-pressure-saturation relation-
ship after a certain threshold in water saturation is reached, which is 
the method that is used in DuMux. Another possibility, which is used 
in SiSPAT-Isotope, is to not allow complete drying of the soil but to 
keep a certain amount of water saturation immobile without further 
evaporation by setting a maximum capillary pressure that cannot be 
exceeded. If this maximum capillary pressure can be set sufficiently 
high so that the vapor pressure in equilibrium with this capillary pres-
sure is lower than the minimum vapor pressure simulated or ob-
served, then the fluxes from the porous medium to the soil surface 
can be matched to the fluxes in the free flow boundary layer, taking 
into account the flow and transport resistances in the porous medium 
and the boundary layer defined by their properties and states. How-
ever, when this maximal capillary pressure is reached in the simula-
tion and kept constant, the vapor pressures at the soil surface cannot 
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further drop so that fluxes through the boundary layer and evaporation 
rates would stay constant whereas the fluxes from the drying porous 
medium toward the soil surface decrease further. To avoid this dis-
crepancy in a coupled simulation, the boundary layer thickness 
should be increased. These differences in the handling of very dry soil 
conditions, not only change simulated evaporation rates but also 
have implications for isotopologue transport and fractionation. One 
goal of this paper is to compare the isotopologue transport described 
in SiSPAT-Isotope with the implementation in DuMux, especially high-
lighting the differences that occur in dry soil with water saturation be-
low residual water saturation. Further, we will present a comparison 
of the simulated isotope ratio profiles with the high-frequency experi-
mental data from Rothfuss et al. (2015). 

Since the experimental conditions in the laboratory experiments did 
not allow us to precisely define the surface boundary conditions, 
which are essential for modeling evaporation, we had to derive them 
from the measured evaporation rates. Therefore, the aim of our simu-
lation study is not to simulate the evaporation (which we basically pre-
scribe) but to simulate the evaporation-driven isotope fractionation, 
that is, the evolution in time and depth of the isotope ratioss in the 
soil profile. 

A comparison of modeled isotopologue fractionation in the unsatu-
rated zone with detailed experimental data is missing in the literature. 
Last, we will show that the evaporation front can be detected at the 
maximum gradient of isotope ratios. 

 

3.3 Methods 

In this section, we introduce the general mathematical concepts of 
DuMux and SiSPAT-Isotope to describe mass and energy transport 
within a porous medium. 
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3.3.1 Mathematical Concept 

Note, that we use the following abbreviations to describe our sys-
tems. We use the components 𝜅: water (𝐻2𝑂), dry air (𝑎𝑖𝑟), and stable 
water isotopologue (𝑖, for all isotopologues). The phase (𝛼) is either 
referred to as liquid (𝑙) or gaseous (𝑔) or solid (𝑠). The abbreviation (𝑓𝑓) 
is used for the free-flow domain (atmosphere domain) and the abbre-
viation (𝑝𝑚) is for the porous-medium domain (soil domain). All pro-
cesses are described on the representative elementary volume (REV)-
scale. 

Note, a detailed description of the assumptions for the mass and en-
ergy balance concepts used in DuMux and SiSPAT-Isotope can be 
found in Vanderborght et al. (2017). 

 

3.3.1.1 Mass and Energy Transport in the Porous Medium 
DuMux -Mass Balance 

To describe non-isothermal, multi-component, multi-phase flow 
within a porous medium, DuMux implicitly solves a multi-phase Dar-
cy's law in combination with a mass and energy balance. The compo-
nent mass balance for all components 𝜅 can be described as follows: 
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Here, 𝜙 [-] is the porosity, 𝜌𝛼 [kg m-3] the mass density, 𝑋𝛼
𝜅  [kg kg-1] is 

the mass fraction, 𝐷𝑝𝑚,𝛼
𝜅  [m2 s-1] is the effective diffusion coefficient, 

and 𝑞𝜅 [kg m-3 s-1] accounts for the source/sink term. As we are regard-
ing all processes on the REV-scale, we introduce an effective param-
eter, namely the phase saturation 𝑆𝛼 [m3 m-3]. The sum of the satura-
tion for all phases within a REV equals 1. The fluid-phase flux 𝑣𝛼 [m s-

1] is described using the multi-phase Darcy's law: 
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with the relative permeability 𝑘𝑟,𝛼 [-], the dynamic viscosity 𝜇𝛼  [Pa s], 
the phase pressure 𝑝𝛼  [Pa], and the intrinsic permeability 𝑘𝑖  [m2]. The 
gravity is described by 𝑔[m s-2]. 

The effective diffusion coefficient is defined as: 

,

,

k j

pmD S D

   = . 3-3 

Here, 𝜏 [-] is the tortuosity factor and 𝐷𝛼
𝜅,𝑗 [m2 s-1] is the binary diffusion 

coefficient (of components 𝜅 and in phase 𝛼). Because of the low ad-
vection velocities and the high diffusion coefficient in the gaseous 
phase, dispersion is not considered in the model concepts. The same 
applies to the liquid phase because the liquid velocities are very low. 
Under these conditions molecular diffusion dominates over mechan-
ical dispersion. If velocities were higher, dispersion would need to be 
included explicitly. 

 

DuMux  - Energy Balance 

For energy transport, we assume a local thermodynamic equilibrium 
between the phases. Thus, for all phases, the energy balance is writ-
ten as follows:  
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The energy transport is described by the specific internal energy 𝑢𝛼 [J 
kg-1], the specific enthalpy ℎ𝛼 [J kg-1], and the temperature 𝑇 [K]. Fur-
ther, to account for the energy storage of the solid phase, we use the 
solid heat capacity 𝑐𝑠 [J kg-1 K-1] and the solid density 𝜌𝑠 [kg m3].  

The heat conductivity is defined by using an effective thermal conduc-
tivity 𝜆𝑝𝑚 [W m-1 K-1] to account for the changes in thermal conductiv-
ity based on the saturation of the porous medium: 

( ) ( )pm dry l wet dryS   = + −  3-5 
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with 𝜆𝑤𝑒𝑡 = 𝜆𝑠
(1−ϕ)

𝜆𝑙
ϕ and 𝜆𝑑𝑟𝑦 = 𝜆𝑠

(1−ϕ)
𝜆𝑔

ϕ, where 𝜆𝑠, 𝜆𝑔, and 
𝜆𝑙 [W m- 1 K−1] are the solid phase, gas phase, and liquid phase con-
ductivities, respectively.  

 

SiSPAT-Isotope - Mass Balance 

The SiSPAT-Isotope model simulates the transport of heat, water, and 
its heavier stable isotopologue within the soil-plant-atmosphere con-
tinuum making a few simplifications compared to the full two-phase 
four-component approach used in DuMux. Coupled heat and water 
transfer equations within the soil, including the liquid and vapor trans-
fer, are solved with the approach of Philip and de Vries(1957), modi-
fied by Milly (1982). SiSPAT-Isotope considers only vertical fluxes. The 
pressure in the gas phase is assumed to be constant and not influ-
enced by flow in the gas or liquid phase so that the flow in the liquid 
phase is not coupled to flow in the gas phase. Considering only verti-
cal fluxes, the gas velocity, 𝑣𝑔 [m s-1] at a certain depth is calculated 
from the change in volumetric gas content per unit of time that is inte-
grated over depth from that depth to the bottom of the simulation do-
main assuming a no-flow boundary condition for the gas flow at the 
bottom of the simulation domain. Further, the advection in the liquid 
phase is not influenced by the pressures of the gas phase, and gradi-
ents in the liquid phase density are assumed to be negligible. The ap-
proach does not further consider a coupling between the transport of 
the water components and the dry air component, which is based on 
the approximation that the dry air component in the liquid phase can 
be neglected ∑ 𝑋𝑙

𝜅 ≊ 1𝜅≠𝛼 . Also, we assume that in equation (3-6), all 

water isotopologues are combined as one component 𝑋𝛼

all𝐻2𝑂. As-
suming these simplifications for the multiphase flow equation, the 
following equation can be named as a 1-component, 1.5-phase equa-
tion, as water is regarded as the only component and (Vanderborght, 
Fetzer, Mosthaf, Smits, & Helmig, 2017): 
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SiSPAT-Isotope - Energy Balance 

The basic heat equation used in SiSPAT-Isotope is taken from de Vries 
(1958):  
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Where 𝑐𝛼 [J kg-1 K-1] is the heat capacity of phase 𝛼 and 𝐿𝑣 [J kg-1] is the 
latent heat of vaporization of liquid water. Compared to equation (
 3-4), the heat used during gas phase expansion is neglected. 

 

3.3.1.2 Constitutive Relations for Modeling of Drying Within The 
Porous Medium Domain 

In the unsaturated zone at equilibrium conditions, a pressure differ-
ence - capillary pressure, 𝑝𝑐  [Pa] between the fluid phase (liquid, 
𝑝𝑔 [Pa]) and gas phase (gaseous phase, 𝑝𝑙  [Pa]), is observed: 

c g lp p p= −  3-8 

On the REV scale, capillary pressure depends on water saturation. A 
common method to describe the dependence of capillary pressure on 
saturation for two-phase systems is the van Genuchten model (van 
Genuchten, 1980). Here, the wetting phase saturation is expressed as 
a function of capillary pressure using empirically determined param-
eters: 
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with 𝑚𝑣𝐺 = 1 −
1

𝑛𝑣𝐺
 and 𝑆𝑤𝑒 =

𝑆𝑤−𝑆𝑤𝑟

1−𝑆𝑤𝑟−𝑆𝑛𝑟
. 𝛼𝑣𝐺 , 𝑚𝑣𝐺 , and 𝑛𝑣𝐺  are empir-

ical parameters describing soil properties. Residual water saturation 
𝑆𝑤𝑟 and residual gas saturation 𝑆𝑛𝑟 are empirical parameters express-
ing the saturation threshold where respectively the wetting or non-
wetting phase becomes immobile. 𝑆𝑤𝑒 denotes the effective wetting 
saturation. In SiSPAT-Isotope, the van Genuchten model describes 
the volumetric water content 𝜃 =  ϕ𝑆𝑤, using the residual water con-
tent 𝜃𝑟 =  ϕ𝑆𝑤𝑟  and the saturated water content 𝜃𝑠𝑎𝑡 = ϕ(1 − 𝑆𝑛𝑟).   

The relative permeability 𝑘𝑟,𝛼 likewise can be modeled as a function 
of saturation (Mualem, 1976; van Genuchten, 1980) with: 
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As mentioned before, DuMux and SiSPAT-Isotope handle very dry soil 
conditions differently. During drying, before the residual water satura-
tion is reached, both models calculate the relationship between ca-
pillary pressure and saturation with the van Genuchten model. As-
suming chemical equilibrium in the porous medium, the vapor con-
centration in the gas phase is related to the capillary pressure using 
Kelvin's equation 𝑝𝑠𝑎𝑡,𝐾𝑒𝑙𝑣𝑖𝑛

𝜅   [Pa], and the saturated vapor pressure 
𝑝𝑠𝑎𝑡

𝜅  (when 𝑝𝑐 = 0) is related to the temperature: 
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where 𝑅 [J mol-1 K-1] describes the universal gas constant. If vapor 
transport is considered, liquid water can be lost via vapor transport 
and water saturation may decrease to values lower than the residual 
saturation. Consequently, the capillary pressure-saturation relation 
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can be extended between 𝑆𝑙 = 𝑆𝑤𝑟 and 𝑆𝑙 = 0 . Once the residual wa-
ter saturation is reached, in DuMux, the capillary pressure-saturation 
curve is regularized to avoid infinite capillary pressures. This allows 
the fact that the water saturation can fall below residual water satu-
ration, as drying due to evaporation and transport of water vapor in the 
gas phase is still possible. Advective transport in the liquid phase is 
not possible anymore, due to the relative permeability becoming zero 
once residual water saturation is reached (Figure 3-1). Using such reg-
ularization methods results in numerical stable solutions, which is 
discussed by Mosthaf et al.(2014). 

 

Figure 3-1: Capillary pressure-saturation relationship and its regularization 
(denoted with the red, dotted line) once residual water saturation is 
reached. The regularization in DuMux is described by a linear relation 
between capillary pressure and water saturation between 𝑆𝑙 = 𝑆𝑤𝑟  
and 𝑆𝑙 = 0. 

In SiSPAT-Isotope, drying is limited by the residual water saturation. 
An approach describing the physical behavior of the capillary pres-
sure–saturation relationship more accurately was also implemented 
in SiSPAT-Isotope but was not used in our simulations because of nu-
merical instabilities. In this approach, the capillary pressure–satura-
tion relation is described by a log-linear relation that was found to de-
scribe empirical observations well (Schneider & Goss, 2012). Other 
approaches to describe the capillary pressure-water saturation rela-
tion in dry soils can be found in, for example, Campbell et al. (G. 
Campbell & Schiozawa, 1992)and Fayer and Simmons (1995). 

This difference in handling of porous media with very low water satu-
rations not only leads to differences in the description of evaporation 
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but also has implications for the fractionation of isotopologues as 
demonstrated in the following after introducing the processes leading 
to fractionation in general. 

 

3.3.2 Physical Processes of Evaporation-Driven Stable 
Water Isotopologue Fractionation 

3.3.2.1 Stable Water Isotopologue Fractionation in General - 
Equilibrium and Kinetic Fractionation 

Natural stable water isotopologues move in the soil pore space both 
in the gaseous and liquid phases and exchange continuously between 
the two phases. Due to a difference in molecular weight of different 
isotopologues, the ratio of the thermodynamic equilibrium concen-
trations of an isotopologue in the two phases differs from the ratio of 
the 𝐻2𝑂 molecule concentrations, which leads to a higher abundance 
of heavier isotopologues in the liquid phase and lower abundance in 
the gas phase, called equilibrium fractionation. Equilibrium fraction-
ation can be expressed using the fractionation factor 𝛼𝑒𝑞

𝑖  [-], which is 
equal to the ratio of the molecular isotopic ratios in the gas and liquid 
phases and related to the ratio of concentrations of the isotopologues 
in both phases as (Braud et al., 2005): 
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where 𝑥𝛼
𝜅 are the mole fractions [-] of 𝜅 ∊ {𝐻2𝑂, 𝑖, 𝑎𝑖𝑟} and 𝑖 ∊

 { 𝐻1 𝐻 𝑂, 𝐻1
2
1816 𝑂2 } in the phase 𝛼 ∊ {𝑙, 𝑔}, 𝜌𝑙 and 𝜌𝑔

𝐻2𝑂 [kg m-3] are 
the volumetric mass densities of the liquid phase and of the water va-
por in the gas phase, respectively, and 𝐶𝑔

𝑖  and 𝐶𝑙
𝑖  [kg m-3] are the con-

centrations of the isotopologue in the gas and liquid phases, respec-
tively. The relation is approximate for the concentrations and is based 
on the assumption that the molar and mass fractions of the heavier 
isotopologues are negligible compared to the mass fraction of 𝐻2𝑂. 
The coefficients a, b, and c for the isotopologues 𝐻1 𝐻 𝑂 162 and 

𝐻1
2
18𝑂 are listed in Table A 4. 
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Table 3-1: Parameter for transport, hydraulic, and thermal properties. 

Parameter Values 
Tortuosity 𝜏 0.67 [-] 
Porosity ϕ 0.44 [-] 
Permeability, 𝑘 1.29*10-11[m2] 
Residual water Saturation, 𝑆𝑤𝑟  0.1364 [-] 
Residual gas saturation, 𝑆𝑛𝑟  0.1911[-] 
van Genuchten parameter, 𝑛𝑣𝐺  5.4 [-] 
van Genuchten parameter, 𝛼𝑣𝐺  0.00031 [Pa-1] 
Solid density, 𝜌𝑠 2650 [kg m-3] 
Solid thermal conductivity, 𝜆𝑠  2.8 [W m-1 K-1] 
Solid heat capacity, 𝑐𝑠 507.53 [J kg-1 K-1] 

 

Due to the different transport behavior of isotopologues, that is, due 
to different binary molecular diffusion coefficients of isotopologues, 
vapor transport resulting from a gradient in vapor concentration and 
molecular diffusion will correspond with a greater flux of lighter than 
heavier isotopologues. The different binary molecular diffusion coef-
ficients are listed in Table A 4. 

This flux difference between lighter and heavier water isotopologues 
leads to kinetic fractionation. When vapor transport in the porous me-
dium is described in the transport models, kinetic fractionation result-
ing from vapor fluxes in the porous medium emerges from the 
transport equations. The kinetic fractionation that results from the 
evaporation of water at the free-flow porous-medium interface is due 
to a slower molecular diffusive transfer of the heavier isotopologues 
through the boundary layer in the free flow (see Section 3.3.3 for more 
details). 

 

3.3.2.2 Simulation of Isotopic Fractionation in the Drying Porous 
Medium 

Isotopic fractionation in the porous medium is simulated by solving 
the component transport equations (or mass balance equations) in 
the different phases. In DuMux, this corresponds to solving mass bal-
ances for four components (Eq. 3-1): the components 𝐻2𝑂, 𝑎𝑖𝑟, 𝐻2

18𝑂 
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and 𝐻1 𝐻2 𝑂16 . In SiSPAT-Isotope, one mass balance equation for all 
water components in both liquid and gaseous phases is solved (Eq. 
3-6). Since 𝐻2𝑂 is the main component, it is assumed that the total 
water balance can be described using transport coefficients (diffu-
sion in gas and liquid phases and relations between capillary pressure 
and water vapor pressures) of 𝐻2𝑂 and is not influenced by the 
transport of the heavier water-stable isotopologues water compo-
nents. 

The transport of heavier water-stable isotopologues is described in 
SiSPAT-Isotope using a mass conservation equation with isotopo-
logue-specific transport coefficients (diffusion coefficients and equi-
librium fraction factors) (Braud et al., 2005; Melayah et al., 1996):  
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where 𝛽𝑖 = 𝛼𝑒𝑞
𝑖 𝜌𝑔

𝐻2𝑂

𝜌𝑙
, where 𝛼𝑒𝑞

𝑖  is the equilibrium fractionation factor 

as defined in Equation 3-12 and 𝛩𝑖  accounts for variations of 𝛽𝑖 in 
time. Equation 3-14 is the same as Equation 3-1. 

As mentioned before, the difference in the handling of very dry porous 
media, when water saturation reaches residual water saturation, can 
have a strong influence on isotopic fractionation, as depicted in Fig-
ure 3-2. 
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Figure 3-2: Left: Fractionation processes in the porous medium. Right: Drying 
and fractionation of isotopologues in DuMux and SiSPAT-Isotope un-
der dry soil conditions. 

In DuMux, water saturation can drop below residual saturation, which 
means that more water can evaporate leading to more diffusive 
transport, kinetic fractionation, and more enrichment of the heavier 
isotopologues. On the other hand, when all liquid water is evaporated, 
the capacity term in the isotopologue transport equation (i.e., 𝛩𝑖, 
Equation 3-14) becomes very small so that the isotopologue concen-
trations near the free-flow porous-medium interface can rapidly equil-
ibrate with the lower isotopologue concentrations in the free flow. 

 

3.3.3 Simulation Scenario 

This section describes the simulation scenario of isotopic fractiona-
tion during soil drying. The simulations were set up to reproduce a soil-
drying experiment (Rothfuss et al., 2015) in which stable water iso-
topes were monitored non-invasively and continuously at different 
depths in the soil column with a high frequency. The continuous and 
high-frequency isotope dataset allows us to test whether the simula-
tion models can reproduce the observed dynamics of isotopic frac-
tionation during soil drying. To our knowledge, our study is the first 
that compares numerical simulations of isotopic fractionation in dry-
ing soils against such high-frequency measurements. 
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In the following, we briefly present the experimental setup (Rothfuss 
et al., 2015) and how we set up the simulations accordingly (Figure 
3-3). 

 

Figure 3-3: Schematic description of the experimental setup (left side) and its 
adaption for numerical simulations (right side). The three-dimensional 
experiment was reduced to a one-dimensional simulation setup for 
both simulators. The domain was discretized into 600 cells (0.001 m 
cell-1) in DuMux (finite volume method) and into 289 nodes in SiSPAT-
Isotope (finite difference method). In SiSPAT-Isotope, the discretiza-
tion grid was additionally refined toward the top and the bottom of the 
domain (min. 0.000115 m node-1, max. 0.0201 m node-1). 

During the experiment, which was carried out in a laboratory, soil tem-
perature, water content, and the isotopic abundances in the gas 
phase (here:𝛿18𝑂 and 𝛿2𝐻) were measured at different depths (0.01, 
0.03, 0.05, 0.07, 0.10, 0.20, 0.40, and 0.60 m) inside an initially water-
saturated sand (FH31) column (inside diameter = 0.11 m, height = 0.6 
m) over a period of 290 days. Soil temperature was measured in each 
depth with a type K thermocouple (Greisinger Electronic GmbH). For 
soil water content measurements, electric conductivity sensors (EC-
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5, Decagon Devices) were taken. Isotopic analysis of liquid water and 
water vapor was performed using a cavity ring-down spectrometer 
(L1102-i, Picarro, Inc.) (Rothfuss et al., 2015). 

In addition to the soil measurements, the atmospheric conditions 2 m 
above the sand column (air temperature, relative humidity, and 𝛿 𝐻2 , 
𝛿 𝑂18  in the gaseous phase) and the evaporation rate were monitored. 
Air relative humidity and temperature were monitored with a com-
bined relative humidity and temperature sensor (RFT- 2, UMS GmbH). 
For the analysis of isotopes, laboratory air was sampled passively with 
a stainless-steel tubing at 0.6 m above the soil surface (Figure 3-3 “At-
mospheric measurements”). 

The simulation setup was designed to describe the flow and transport 
of the components 𝐻2𝑂, air, 𝐻2

18𝑂, and 𝐻1 𝐻2 𝑂16  during evaporation 
from a column in one dimension (here: vertical direction, domain 
height = 0.6 m). The parameters of the transport, hydraulic, and ther-
mal properties are listed in Table 3-1. The values for porosity, residual 
water saturation, and residual non-wetting saturation were derived 
from the experiment by Rothfuss et al. (2015). The other parameter 
values are taken from experiments conducted by Stingaciu et 
al. (2010). 

The initial conditions were derived from the soil measurements. In Fig-
ure 3-3, the initial profiles for saturation, temperature, 𝛿18𝑂 and 𝛿2𝐻 
are displayed. While temperature, 𝛿18𝑂 and 𝛿2𝐻 are initially given as 
block profiles, saturation is initially defined as a smooth profile. The 
gas pressure (𝑝𝑔 = 105 𝑃𝑎) is kept initially constant over the column 
height. The boundary conditions are described by Neumann condi-
tions. At the bottom, we apply a no-flow condition and at the top, we 
use solution-dependent flux conditions. The mass transfer across the 
soil-atmosphere interface is described by evaporation fluxes 𝐸𝜅 
[kg m-2 s-1]: 

 ,

2, ,

pm ff

g gair

g g

X X
E D H O i

z

 

  


   −   =  , 3-18 
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and the energy transfer across the soil-atmosphere interface is de-
scribed by a heat flux 𝐻𝑔[J m-2 s-1]: 

   
pm ff

g g

T T
H

z




−
=  3-19 

To account for the correct impact of the atmosphere on the isotopo-

logues in the soil profile, the atmospheric conditions (here: [𝑋𝑔
𝜅]

𝑓𝑓
and 

[𝑇]𝑓𝑓) are prescribed through experimental data. The boundary layer 
thickness 𝛿𝑍 [m] is kept constant in DuMux (𝛿𝑍 = 0.005 m) and varies 
with time in SiSPAT-Isotope. In both cases, the measured cumulative 
evaporation rate fits this value. The derivation of the boundary layer 
thickness in both simulators is explained in Section A.6 in the Annex. 
At the interface, we assume that only molecular diffusion occurs. 
Therefore, the kinetic fractionation is considered through the isotope-
specific binary diffusion coefficient, as presented in Barnes and Alli-
son (1984). The fractionation processes within the porous medium are 
defined through the component description of the isotopologues. The 
binary diffusion coefficients and the vapor pressure of the isotopo-
logues (the change in vapor pressure can be also expressed by the 
equilibrium fractionation factor, which is explained in Section 3.3.2) 
have been adjusted using parametrizations from the literature. A de-
tailed overview of these parameters can be found in Section A.4 in the 
Annex. 

Please note, for the following analysis, the concentration of the 
isotopologues is evaluated using the commonly used 𝛿-notation that 
relates the ratio of isotopologues to 𝐻2

16𝑂 𝑅𝛼
𝑖  to a standard value: 

𝑅𝑉𝑆𝑀𝑂𝑊: 𝛿𝛼
𝑖 ≔

𝑅𝛼
𝑖 −𝑅𝑉𝑆𝑀𝑂𝑊

𝑅𝑉𝑆𝑀𝑂𝑊
× 1000[‰] with 𝑅𝛼

𝑖 =
𝑁𝑖

𝑁𝐻2𝑂 (here: 𝑁κ [- ] 

describes the particle number) and 𝑅𝑆𝑀𝑂𝑊 the standard mean ocean 

water (Gonfiantini, 1978)) (here: 𝑅𝑉𝑆𝑀𝑂𝑊

𝐻1 𝐻𝑂2

= 0.00031152 and 

𝑅𝑉𝑆𝑀𝑂𝑊
𝐻2

18𝑂
= 0.00200520). 

In transport simulations, isotopologue concentrations derived from 
isotopologue ratios are used, whereas mass spectrometers directly 
measure isotope ratios. For 𝐻2

18𝑂, the isotopologue ratio is identical 
to the corresponding isotope ratio. In contrast, when calculating the 
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𝛿 value of 𝐻𝐷𝑂, the reference isotopologue ratio is approximately 
twice the isotope ratio, assuming the contribution of the two hydrogen 
atoms in 𝐻𝐷𝑂 molecules is neglected. Nevertheless, the 𝛿𝛼

𝑖  values 
calculated from isotope ratios are identical to those obtained from 
isotopologue ratios. 

 

3.3.4 Study of the Dry Zone 

Despite the different treatment of the dynamics of the boundary layer 
thickness and related to it, the aerodynamic resistance in the bound-
ary condition, both models simulated similar cumulative evaporation 
curves (Figure A 6b). The impact of the definition of the boundary layer 
thickness gets more significant regarding the non-cumulative evapo-
ration rates (Figure A 6a). The increase in the aerodynamic resistance 
(Figure A 7) directly after the start of the numerical simulation results 
in a rapid decrease in the simulated evaporation in SiSPAT-Isotope. 
When using a constant boundary layer thickness and thus a constant 
aerodynamic resistance, as it is used in DuMux, a nearly constant 
evaporation rate is modeled in the first 25 days of the simulation, 
which corresponds to the so-called stage-I evaporation or energy-lim-
ited evaporation. Later, due to transport limitations in soil, the evapo-
ration rate simulated by DuMux drops as well and transits into the so-
called stage-II evaporation or diffusion-limited evaporation. In SiS-
PAT-Isotope, this transport limitation is a result of the increasing aer-
odynamic resistance. Besides the different treatments of the aerody-
namic resistance in the boundary conditions, the models use different 
approaches dealing with the drying of the soil (Figure 3-4). 
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Figure 3-4: Water saturation 𝑆𝑙 of over time at different soil column depths. 
The simulated values (DuMux [blue] and SiSPAT-Isotope [orange]) are 
plotted against experimental observations (gray). 

The water saturation modeled by SiSPAT-Isotope reduces over time 
until it reaches a constant value that is equal to the residual water sat-
uration. DuMux simulates a complete drying of the top-soil layers. 
Once the residual water saturation is reached, the saturation sud-
denly drops to zero saturation, for example, at -0.01 m depth after 40 
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days and at -0.05 m depth after 220 days. In DuMux, we assume that: 
(i) the hydraulic conductivity can drop to zero, which leads to a stop-
page of the liquid flow, and (ii) that the water retention curve is linearly 
regularized in the regime below the residual water saturation. In the 
range where the saturation and capillary pressure are linearized, the 
capillary pressure is still quite low, which leads to a vapor concentra-
tion that is close to the saturated vapor concentration. Thus, the re-
maining residual liquid water can be removed via vapor diffusion. The 
regularization of the saturation-capillary pressure curve and assum-
ing that no fluid flow could take place, that is, film flow was neglected, 
led to a rapid decrease in liquid saturation after reaching the residual 
saturation. Comparing the numerical results with the experimental 
data, the measured water saturation is higher than the simulated one. 
Only at -0.01 and -0.05 m depths, the water saturation gradually de-
creases toward the residual water saturation after 75 and 230 days of 
the experiment. The interpretation of the sensor measurements 
should be considered with caution. Since the simulations reproduce 
the cumulative evaporation well and the simulations close the soil 
water balance, the measurements seem to overestimate the water 
saturation. Figure 3-5 shows the relative abundance of 𝐻1 𝐻2 𝑂16  in 
pore water, expressed as 𝛿𝑙

2𝐻 and compared to measured 𝛿𝑙
2𝐻 values 

at different depths over time.  
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Figure 3-5: Relative abundance of 𝐻1 𝐻2 𝑂16  in pore water, expressed as 
𝛿𝑙

2𝐻, over time at different soil column depths. The simulated values 
(DuMux [blue] and SiSPAT-Isotope [orange]) are plotted against exper-
imental observations (dark gray). In depths near the surface, the fluc-
tuations of the atmospheric 𝛿𝑔

2𝐻 values, are shown (note the different 
y-axis for the atmospheric 𝛿𝑔

2𝐻 values (light grey line)). The abbrevia-
tion FF stands for the free flow (atmosphere) and PM for the porous 
medium (soil). 

 

In Annex A.7, a similar plot for 𝐻2
18𝑂 is shown. We focus the discussion 

on the 𝐻1 𝐻2 𝑂16  plots since the same conclusions can be drawn from 
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the 𝐻2
18𝑂 plots. In the drying soil, an enrichment of 𝐻1 𝐻2 𝑂16  and 

𝐻2
18𝑂 toward the soil surface was observed. After reaching a maxi-

mum, 𝛿𝑙
2𝐻 and 𝛿𝑙

18𝑂 values decreased slowly, which reflects the in-

trusion of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 depleted atmospheric air into the soil's 

top layers. This behavior is modeled by both, SiSPAT-Isotope and Du-
Mux. 

Focusing on the 𝐻1 𝐻2 𝑂16  ratios at -0.01 m, DuMux simulates a first 
local maximum directly after the start of the simulation, which was 
not observed in the experimental data and not modeled by SiSPAT-
Isotope. This local maximum in heavy isotopologue enrichment oc-
curred during stage-I evaporation and was also found in simulations 
described in Kiemle et al.(2023). We discussed the underlying mech-
anisms that caused this first peak in a sensitivity analysis later. For 
further discussions, we will refer to the first maximum as the stage-I 
peak and define the second peak as the stage-II peak. 

To demonstrate the impact of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 concentrations in 

the atmosphere and their fluctuations on the concentrations in the 
soil, the measured 𝛿𝑔

2𝐻 and 𝛿𝑔
18𝑂 values in the atmosphere are in-

cluded in the plots representing the near soil surface. High-frequency 

fluctuations in the atmospheric 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 concentrations 

were observed. These fluctuations were transmitted to the concentra-
tions in the soil and the coherence between the measured 𝛿 values in 
the soil and the atmosphere were strong after 120 days for both 
isotopologues (Figure A 7). DuMux reproduced these measured fluc-
tuations in the soil after 120 days remarkably well, but they were 
smoothed in the SiSPAT-Isotope simulations. Since the top-soil layer 
in the SiSPAT-isotope simulations kept a residual water content, the 

buffer capacity of this layer to buffer 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 concentra-

tion fluctuations in the atmosphere and the gas phase at the soil sur-
face was larger than the buffer capacity of the completely dry surface 
layer in the DuMux simulations. The comparison study shows that 
both models are able to reproduce the general isotopic behavior from 
the experiments. However, the models use different assumptions 
with respect to water transport in the dry top-soil layer and the defini-
tion of the boundary layer at the porous medium-free flow interface. 
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The increase of the boundary layer thickness to describe the reduc-
tion of the evaporation rate in SISPAT-Isotope leads to a numerically 
stable solution. Its use should be avoided when simulating heavy 
isotopologue enrichment since it leads to an overestimation of the 
heavy isotopologue enrichment near the soil surface and does not re-
produce 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 profiles correctly. 

Under field conditions, the evaporative demand is much higher than 
in laboratory settings leading to comparable fast dry soil conditions 
after a wetting event. In combination, as laser-based measurement 
techniques are becoming state-of-the-art in isotopologue monitoring, 
we anticipate that describing the processes near the surface will be 
relevant to interpret the observation data. Our simulation showed a 
sensitivity of the isotopic composition once the soil was dried below 
residual saturation, which can be seen in the enrichment behavior of 

𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 in response to the atmospheric fluctuations. To 

further study and highlight the impact of this difference in the handling 
of the dry zone, we next compare and analyze the sensitivity of the 
heavy isotopologue enrichment to the residual water saturation 𝑆𝑤𝑟. 
In Figure 3-6, a comparison of DuMux and SiSPAT-Isotope can be seen 
for varying values of 𝑆𝑤𝑟. To highlight the impact of that single param-
eter, the previous simulation setup was simplified by using constant 
boundary conditions. The values used for the constant setup are 
listed in Table A 5. With the change to stable atmospheric boundary 
conditions, the boundary layer thickness in SiSPAT-Isotope was kept 
constant. Thus, SiSPAT-Isotope and DuMux are using the same 
boundary conditions. To prevent numerical instabilities caused by the 
constant boundary layer thickness, the van Genuchten parameter 
was changed to 𝑛𝑉𝐺=1.6. 
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With this setup, both models simulate stage-I evaporation before 
transferring to stage-II (Figure 3-6 d), which further results in the for-
mation of a stage-I peak in both models (Figure 3-6 a,b). As the evap-
oration rate is transferring into stage-II evaporation, both models sim-
ulate a minimum in 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 values followed by an enrichment 

of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 until the residual water saturation (SiSPAT-Iso-

tope) or zero saturation (DuMux) is reached Figure 3-6 c). While Du-
Mux allows further drying until reaching a saturation equal to zero, SiS-
PAT-Isotope limits its minimum saturation equal to the residual water 
saturation value resulting in a constant wet phase in soil. The choice 
of the residual water saturation and the choice of the method for de-
scribing the dry zone have an effect on the evaporation rate and on 
𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 values.  

Stage-I evaporation rate and the stage-I peak are barely affected by a 
higher residual water saturation (examined residual saturation range: 
0-0.1364). With ongoing drying and the transition into stage-II, the im-
pact of the residual water saturation value becomes relevant. The re-
sidual water saturation determines the availability of mobile water so 
that a higher residual saturation value corresponds with an earlier end 
of stage-I evaporation and with an earlier minimum in 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 

values. The stage-I peak and subsequent decline of 𝛿𝑙
2𝐻 and 𝛿𝑙

18𝑂 val-
ues are a consequence of the very high evaporation rates at the begin-
ning of the simulation that decline rapidly afterward until they reach a 
steady stage-I evaporation. This decline in evaporation rate is related 
to the equilibration of the soil-surface temperatures. Initially, the soil 
column and soil-surface temperatures are equal to the free-flow tem-
perature. The consumption of heat for evaporation at the soil surface 
leads initially to a decrease in surface temperature, surface soil vapor 
concentration, and evaporation rate. The lower soil-surface tempera-
tures generate a sensible heat flux from the free flow to the porous 
medium-free flow interface. Constant surface temperature and evap-
oration rates are reached when the sensible heat flux compensates 
for the latent heat flux. The initially high but rapidly decreasing evapo-
ration rates correspond with an initially strong source of heavier 
isotopologues due to high kinetic fractionation. The decreasing 
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source in combination with drying leads to an increasing air phase dif-

fusion coefficient and more back diffusion of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 into 

the soil and to the advection of more depleted air into the column gen-
erating a decrease after a first strong rapid increase of 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 

values near the soil surface during stage-I evaporation. At the onset of 
stage-II evaporation, the liquid flow with more water depleted in heavy 
isotopologues toward the evaporation surface decreases as water be-
comes immobile whereas the evaporation and the kinetic fractiona-
tion source continue. This leads to an increase in 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 values 

until a stage-II peak is formed. For SiSPAT-Isotope, this corresponds 
with reaching the residual water saturation level, and in DuMux, with a 
complete dried-out soil (𝑆𝑤𝑒= 0). However, there is a marked differ-
ence in the dependence of the peak value on 𝑆𝑤𝑟 between the two 
models. In SiSPAT-Isotope simulations, the peak values decrease 
more with increasing 𝑆𝑤𝑟 than in DuMux simulations. There are two 
reasons that can explain this difference. When 𝑆𝑤𝑟 is larger than zero, 
there is always liquid water present in SiSPAT-Isotope. The liquid 
phase functions as a buffer to changes in 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 values that 

are generated by kinetic fractionation. The larger this buffer, the 
smaller the enrichment will be. Second, in DuMux, the residual water 
can evaporate. This is an additional source of evaporation at the ob-
servation depth, which leads to a stronger heavy isotopologue enrich-
ment. The slightly higher peaks that are simulated by DuMux for a 
lower 𝑆𝑤𝑟 are due to the longer stage-I evaporation and the stronger 

drying with more enrichment of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂. After the stage-II 

peak is reached at the observation depth, there is no evaporation hap-
pening at this depth anymore, the evaporation front moved deeper in 
the soil column, and the 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 values decreases due to intru-

sion of heavy isotopologue-depleted atmospheric water vapor. 

 

3.3.5 Study of Evaporation Front 

The localization of the evaporation front in drying soils is one aspect 
of analyzing stable water isotopologues (Walker et al., 1988). A small 
difference in the chemical potential between the isotopologues leads 
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to an enrichment of the heavier isotopologues at the evaporation 
front. This can be seen in the 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 profiles in Figure 3-7. In 

Figure 3-7, the 𝛿𝑙
2𝐻 and 𝛿𝑙

18𝑂 profiles that are simulated by DuMux and 
SiSPAT-Isotope during a drying period are plotted together with exper-
imental data points. The different stages of the drying period are rep-
resented through the liquid phase saturation. In Figure A 10, a detailed 
description of the 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 profiles simulated by DuMux and how 

they are affected by the different states of the evaporation rate is 
given. 
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Figure 3-7: Comparison of simulated relative abundances of heavy isotopo-
logs in the soil profile (left: 𝛿𝑙

2𝐻 middle: 𝛿𝑙
18𝑂 , right: 𝑆𝑙  ) against exper-

imental measurements after (a) 1 day, (b) 140 days, and (c) 289 days 
of drying using DuMux (blue) and SiSPAT-Isotope (orange). 
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The results presented in Figure A 10 show three different stages of the 
drying soil: At day 1, the soil is still partly saturated in all soil layers. 
The atmospheric water demand can be fulfilled from the upper soil 

layers. Thus, the evaporation front and the maximum 𝐻1 𝐻2 𝑂16  and 
𝐻2

18𝑂 enrichment are located at the top of the domain. Both numerical 
models show this behavior. 

Day 140 represents the middle of the drying scenario. The soil has 
dried out further, and the evaporation rate has switched to a stage-II 
evaporation behavior. In the experimental data and the numerical re-
sults derived by DuMux, the evaporation front indicated through a 

maximum in 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 enrichment is well-defined. In SiS-

PAT-Isotope, the enrichment of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 in soils is mod-

eled, but not the intrusion of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 depleted air in the 

dried-out zone. Here, the top boundary condition is defined by in-
creasing the aerodynamic resistance. The higher atmospheric re-
sistance ensures that the gas vapor concentration stays near the sat-
urated concentration at the surface. The evaporation is simulated to 
occur mainly at the soil surface resulting in a maximal heavy isotopo-
logue enrichment at the top. Switching to a constant aerodynamic re-
sistance in the top boundary conditions, evaporation is simulated at 
the moving evaporation front, and SiSPAT-Isotope simulates a similar 
characteristic : 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 profile as simulated by DuMux (Figure A 

8). 

Day 289 states the end of the simulations and experiments. The find-
ings from this state are similar to the ones on Day 140 (Figure A 10). 
However, the offset between the measurements and simulations is 
larger. The offset can have multiple reasons, for example, long run-
time of experiments, correct description of drying soil. 

Our results show the importance of defining the boundary conditions 
to simulate the correct isotopic behavior. If a decreasing evaporation 
rate is simulated by an increasing boundary layer thickness, the 
model can simulate the isotopic response in each layer, as demon-
strated in Figure 3-5, but it fails to model the characteristic 𝛿𝑙

2𝐻 and 
𝛿𝑙

18𝑂 profiles as depicted in Figure 3-7. 
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From an experimental perspective, a common measure to evaluate 
the evaporation front in soils is to equate the evaporation front with 
the height of the maximum 𝛿𝑙

2𝐻 or 𝛿𝑙
18𝑂 value (Rothfuss & Javaux, 

2017). However, Rothfuss et al. (2015) stated that this measure can 
be used only at the isotopic steady state. For the transient state, they 
suggested equating the height of the maximum gradient of 𝛿𝑙

2𝐻 or 
𝛿𝑙

18𝑂 values with the evaporation front. We used the highly resolved 
numerical models to analyze the suggestion made by Rothfuss et 
al. (2015). The fine resolution (600 cells (0.001 m cell-1) in DuMux) of 
the numerical simulations allows us to analyze both methods on a de-
tailed scale, but also on a coarser scale within an order of the sam-
pling points of the experiments. Note, as we used the experimental 
setup on which this statement has been formulated, the numerical 
analysis is only performed with DuMux. 

The procedure of both methods is quite similar. For a given time step, 
the sampling point where the maximal 𝛿𝑙

2𝐻 or 𝛿𝑙
18𝑂 value is observed, 

is used to determine the location of the evaporation front in the com-
mon approach. Sampling points were at: -0.01 m, -0.03 m, -0.05 m, -
0.07 m, -0.10 m, - 0.20 m, -0.40 m, and -0.60 m. In the gradient ap-
proach, the average vertical gradient of 𝛿𝑙

2𝐻 or 𝛿𝑙
18𝑂 between each 

pair of neighboring observation points is calculated. The depth of the 
evaporation front is assigned to the layer above the interval where the 
maximal gradient is observed: -0.01 to -0.03 m: 0 m, -0.03 to -0.05 m: 
-0.02 m, -0.05 to - 0.07 m: -0.04 m, -0.07 to -0.1 m: -0.06 m. A more 
detailed explanation can be found in Rothfuss et al. (2015). 

The comparison of both methods using the numerical simulation re-
sults using DuMux is displayed in Figure 3-8. To check on the perfor-
mance of both methods, we compare the solutions against a refined 
solution where the resolution matches the resolution of the discreti-
zation grid. The analysis of the evaporation front with the fine resolu-
tion was carried out for both methods, the common and the alterna-
tive. If using a fine resolution, both methods show identical results. As 
the methods show identical results for the fine resolution, we com-
pared the solutions of the coarse scale to the one of the fine scale. In 



 123 

53.89 % of all data points, the alternative approach is closer to the re-
fined solution than the common approach. The error analysis can be 
found in Kiemle et al. (2024). Based on these results, we cannot make 
a suggestion whose approach is more accurate, but we recommend 
further investigations on this topic to analyze under which conditions 
which approach is more suitable. 

 

Figure 3-8: Evaporation front propagation in soil simulated by DuMux for (a) 
𝛿𝑙

2𝐻, and (b) 𝛿𝑙
18𝑂 values. Two approximation methods for the locali-

zation of the evaporation front, (i) alternative approach (blue line) and 
(ii) common approach (light-blue line), are compared against a refined 
solution (dark-blue line). 

 

3.4 Conclusion and Discussion 

In this study, we present a comparison study of two numerical simu-
lators, SiSPAT-Isotope and DuMux. The description of water vapor 
movement and energy transport differs slightly between the models. 
Especially under very dry soil conditions, for example, occurring at the 
evaporation front, there are notable differences: While drying and be-
fore the soil water saturation reaches residual saturation, both mod-
els describe the relationship between capillary pressure and water 
saturation with the van Genuchten relationship. Once residual water 
saturation is reached, both models differ in their approach: In DuMux, 
the capillary pressure-saturation curve is regularized to avoid infinite 
capillary pressures, while in SiSPAT-Isotope, drying below residual 
water saturation is not possible. 
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Another difference between the two models is the treatment of the up-
per boundary conditions. In DuMux, a constant boundary layer thick-
ness with a constant resistance was considered, whereas in SiSPAT-
Isotope, the resistance in the boundary layer was increased to simu-
late a reduction in evaporation rate. We analyzed how these different 
methods affect isotopologue fractionation and compared the simula-
tions with high-frequency experimental data. Furthermore, by resolv-
ing and coupling atmosphere and soil Dumux derive the kinetic frac-
tionation process for the interface region without relying on a kinetic 
fractionation factor like SISPAT-Isotope does. 

The high-frequency variations of 𝛿𝑙
2𝐻 and 𝛿𝑙

18𝑂 values that were 
measured in the dried-out soil layer in response to variations in the 
free air isotopic composition were reproduced very accurately by Du-
Mux, which simulated a complete drying out of the surface layer. The 
reduction in water content below residual saturation was simulated 
to occur relatively fast and corresponded with an increase in drying 
rate that was observed at a certain depth. This is due to the rapid de-
crease in liquid water content with increasing capillary pressure 
whereas the vapor concentration remains close to saturation over the 
range of capillary pressures where the capillary pressure-saturation 
relation was regularized. Such high-frequency variations in 𝛿𝑙

2𝐻 and 
𝛿𝑙

18𝑂 values were not simulated by SiSPAT-Isotope in which the soil 
did not dry out below the residual water content. Neither was an in-
crease in drying rate at a certain depth simulated but the drying rate 
decreased over time. 

We analyzed the influence of the value of the residual water saturation 
on the peak enrichment and showed that for lower residual water sat-
urations the simulation results of both simulators match more 
closely. For higher residual water saturations, the simulated peaks in 
heavy isotopologue enrichement by SiSPAT-Isotope were considera-
bly smaller than the peaks simulated by DuMux. This could be at-
tributed to the presence of liquid water that functions as a buffer to 
changes in the 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 values, and to evaporation of residual 

water that is simulated in DuMux, which leads to a higher enrichment 

of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂. However, the comparison with experimental 
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data did not show that a larger simulated enrichment improved the 
prediction of the measurements considerably. A rapid and complete 
drying out of the soil surface layer was not observed by the soil mois-
ture sensors in the experiment. However, an increase in drying rate 
was observed at -0.05 m at the time when the simulations predicted 
rapid drying. Such an increase in drying rate was also measured at -
0.01 m depth but later and much smaller than in the DuMux simula-
tion. To further analyze the impact of the water content (or its ab-
sence) in the dried-out soil layer on 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 values and their dy-

namics, alternative descriptions of the capillary pressure-water satu-
ration relation in dry soil and the implementation of relationships that 
have been developed for this range (e.g.,Campbell & Schiozawa, 
1992; Fayer & Simmons, 1995; Schneider & Goss, 2012  should be 
considered). 

Based on the comparison between the experimental data and the 
simulation results, we can see that DuMux can simulate the vertical 
𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 profiles better than SiSPAT-Isotope. SiSPAT-Isotope did 

not simulate a downward movement of the peak in 𝛿𝑙
2𝐻 and 𝛿𝑙

18𝑂 val-
ues since the reduction in evaporation during soil drying was modeled 
by increasing the thickness of the laminar boundary layer. This kept 
the evaporation front near the soil surface. To simulate a downward 
movement of the evaporation front and of the peak in 𝛿𝑙

2𝐻 and 
𝛿𝑙

18𝑂 values, the reduction in evaporation should be simulated due to 
an increased resistance to water transfer through a drying surface 
layer. 

SiSPAT-Isotope can simulate such effects as well, but the numerical 
solution may become unstable, because soil water flow is solved us-
ing a partly implicit numerical scheme that approximates nonlinear 
soil properties. For soils with very sharp hydraulic retention curves, 
small changes in soil water potential cause very large changes in wa-
ter content and conductivity. Because these rapid changes are only 
approximated, the numerical solution can become unstable.  

This problem especially occurs in uniform sandy materials (large 𝑛 
value) that are often used in lab experiments. For field applications, 
this might be less of a problem since field soils typically have much 
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more heterogeneous pore size distributions. Additionally, we showed 
that either using the maximum 𝛿𝑙

2𝐻 or 𝛿𝑙
18𝑂 value or using the maxi-

mum gradient between each pair of neighboring 𝛿𝑙
2𝐻 or 𝛿𝑙

18𝑂 observa-
tion points can determine the location of the evaporation front in soils. 

The comparison shows both, the complexity of describing dry soil 
conditions in numerical models and the sensitivity of 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 

values and isotope fractionation to transport processes in the dry soil 
layer and the free flow boundary layer. This sensitivity implies that high 
frequency in situ measurements of heavy isotopologue ratios can 
help to gain more insight into different transport processes in the free 
flow boundary layer and upper soil layer controlling the evaporation 
process but with different impacts on isotopologue fractionation. The 
dependency of isotopologue fractionation on diffusive transport, that 
is, kinetic fractionation, could therefore be used to evaluate the role 
of airflow fluctuations (turbulent pumping) and diffusive transport in 
the dry soil surface layer and the free flow boundary layer and how 
they are influenced by the pore network structure of the porous me-
dium and the roughness of the porous medium-free flow interface. 
Advective processes are expected to play a more important role under 
field conditions than under the laboratory conditions of the experi-
ment that were analyzed in this study. Both numerical models should 
be extended to include the impact of airflow fluctuations in the dry 
surface soil layer and across the porous medium-free flow interface 
to describe these processes and to infer their impact on evaporation 
from the isotopic behavior at the soil–atmosphere interface. In a fur-
ther step, this can be expanded to include a comparison with data 
from larger scales and under outdoor conditions, for example, lysim-
eters. 

For future studies of evaporation and isotopologue dynamics, we rec-
ommend using a regularized pressure-saturation relationship that 
avoids infinite capillary pressures as it allows drying below residual 
water saturation . This enables a physically consistent representation 
of the transition from liquid dominated to vapor dominated transport 
at the evaporation front. Combining the regularized pressure-satura-
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tion relationship with a water saturation threshold at which liquid con-
nectivity is lost, the evaporation front can migrate downward and the 
associated heavy-isotopologue enrichment peak can shift with time, 
consistent with experimental observations. Furthermore, DuMux does 
not prescribe a kinetic fractionation factor; instead, kinetic fractiona-
tion emerges from the explicit representation of vapor-liquid phase 
exchange, gas phase diffusion, and isotope-specific binary diffusion 
coefficients in the surface boundary layer. 
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4 General Conclusions and Outlook 

4.1 Conclusions 

4.1.1 Modeling Evaporation 

This thesis is based on two complementary and very unique datasets, 
a three-year record of bare soil evaporation from weighable lysimeters 
under natural outdoor conditions and high-resolution daily isotope 
profile measurements that display evaporation front dynamics in dry-
ing soil. Together, these datasets allowed an unprecedented evalua-
tion of how well physical models reproduce soil evaporation across 
saturation states, temporal scales, and transport regimes. 

We wanted to investigate if models based on the Richards equation 
can reproduce observed evaporation rates accurately on different 
temporal scales and at different saturation levels. 

We hypothesized that the Richards equation would perform ade-
quately as long as the soil is within a certain saturation range (stage-I 
evaporation), and soil temperature is relatively constant. We as-
sumed a decreasing accuracy in predictions of evaporation rates as 
the soil is drying out, and vapor flow is dominating. Moreover, we ex-
pected inaccuracies on diurnal/hourly time scales due to limitations 
in accounting for temperature fluctuations and vapor flow. Instead, 
the Richards equation models would be more suitable for long-term 
predictions of evaporation (Chapter 1.12). 

To test our hypothesis, we used a unique data set of measurements 
under natural outdoor conditions in natural undisturbed soils for three 
years (2016-2018) with different climatic conditions between harvest 
and sowing when evaporation was dominated by bare soil character-
istics (Chapter 2.3.2). The data was compared with simulation results 
using the Richards equation. 

With the right SHPs, the Richards equation simulated bare soil lysim-
eter evaporation losses accurately on a monthly scale (Chapter 
2.4.4.1). But the use of the threshold boundary condition caused a 
monotonous decrease of the evaporation rate when the soil dries out. 
That is because the threshold boundary condition decouples the 
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evaporation dynamics from the dynamics of evaporative forcing and 
heat fluxes during stage-II evaporation. 

We confirmed by measurements that the Richards equation is not 
suitable to represent diurnal dynamics when vapor transport in the 
porous medium is more important than liquid flow and vapor concen-
tration in the soil increases during the day due to increasing tempera-
ture (Chapter 2.4.4.2). Neither can an increase in daily evaporation 
during stage-II be reproduced by this model, due to higher radiative 
forcing leading to higher soil temperatures. 

We observed that the disturbance of a surface layer by tillage affected 
hydraulic properties of the surface layer. A surface layer with aggre-
gates formed by tillage and the presence of large pores can impact the 
evaporation process. Loose surface layers can suppress soil evapo-
ration because of the capillary discontinuity between the loosened 
soil surface and the underlying soil and the disruption of the hydraulic 
connectivity, which would allow a water flow from deeper soil layers 
to the surface layer. Furthermore, a dry surface layer forms in the loos-
ened surface due to fast drying, creating a barrier that only allows gas 
flow and diffusion in the gas phase. Once the surface layer dries, 
evaporation becomes limited by vapor diffusion through this dry sur-
face layer. The implementation of a tilled surface layer shows the im-
portance of including vertical heterogeneity into models which was 
not further tested in our study due to missing information about the 
tillage treatment and a homogenous soil profile. 

For predicting SHPs, PTFs are an effective tool. In this context we 
wanted to investigate how adequate methods for estimating SHPs are 
and which impact PTFs from the ROSETTA model have on simulated 
evaporation rates compared to PTFs taken from field measurements.  

We assumed that the use of PTFs leads to significant differences be-
tween modeled and observed evaporation rates, especially under non 
equilibrium conditions (Chapter 1.12).  

To test our hypothesis, we compared three model approaches with 
different SHPs (Chapter 2): 

- SHPs derived from soil texture using the ROSETTA PTFs 
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- SHPs derived from in situ measurements of water content and 
soil water pressure heads 

- SHPs derived from L-band brightness temperatures 

SHPs estimated from soil texture using the ROSETTA PTFs resulted in 
overestimation of the measured evaporation, suggesting that the hy-
draulic conductivities of the studied soils were overestimated by the 
PTFs. One reason for this overestimation could be the tillage treat-
ment on the surface of the arable lysimeters (Chapter 2.4.4.1).  

SHPs derived from in situ measurements of water content and soil wa-
ter pressure heads improved evaporation rate estimations, although 
the saturated hydraulic conductivity was still estimated from soil tex-
ture. The in situ measured retention curves suggested a wider pore 
size distribution than the retention curves that were derived from 
PTFs. This resulted in lower estimates of unsaturated hydraulic con-
ductivity using the vGM model (van Genuchten, 1980) and conse-
quently lower simulated evaporation that more closely matched ob-
servations. 

As mentioned above, the SHPs derived from L-band brightness tem-
perature were applied to one soil to understand the effect of surface 
layer disturbance by tillage. Those SHPs were applied in Durner’s bi-
modal model and reproduced the reduced evaporation rates caused 
by the disruption of the capillary continuity between the surface and 
deeper soil water due to tillage. 

With our results we confirmed the statement of Lehmann et al. (2020) 
that SHP estimates should be limited by the characteristic length 𝐿𝑐. 
SHPs derived from soil texture using PTFs corresponded with very high 
characteristic lengths whereas SHPs obtained from to in situ meas-
urements corresponded with smaller 𝐿𝑐 and better predicted 𝐸𝑚. The 
tilled surface layer had a significant smaller 𝐿𝑐. The ranking of 𝐿𝑐 re-
produced the ranking of the simulated 𝐸 in the different soils and dif-
ferent years. Therefore, 𝐿𝑐 can be considered as a valuable character-
istic for translating SHPs to evaporation properties of a soil. 

Understanding these dynamics is important for designing systems to 
manage water loss through evaporation. Agricultural practices like 
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tillage and mulching are effective for water conservation because they 
can create a natural barrier, limiting the upward movement of water 
and reducing evaporation losses. Not considering the effects of soil 
loosening or soil structure on unsaturated soil properties in environ-
mental models could lead to an overestimation of evaporation from 
finer textured soils. 

Further research is needed to evaluate and quantify the impact of soil 
surface management practices, which influence soil structure and 
surface roughness, and which aim to reduce soil evaporation losses 
(Chapter 2.5). 

Despite the insights gained from this study, several limitations should 
be acknowledged when interpreting our results.  

Our study focused on loamy soil types available at our lysimeter facil-
ity which does not represent the full range of agricultural soils. Other 
soil textures and structures with different hydraulic properties might 
show a different behavior under similar conditions. 

Furthermore, although we selected bare soil periods between harvest 
and sowing to minimize vegetation influence, arable lysimeters can-
not guarantee that bare soil conditions were maintained consistently 
throughout the study period. Minor vegetation growth and residual 
crop effects may have introduced variability in evaporation dynamics 
not accounted for in our models. 

Another limitation of our study was the lack of a vertical spatial scale 
characterization, especially close to the surface. While lysimeters 
provide excellent temporal resolution of water fluxes, they represent 
point measurements that may not capture the spatial heterogeneity 
of field conditions. Changing hydraulic properties with depth, espe-
cially within the top few centimeters where evaporation processes 
have the greatest impact, is important for modeling.  
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4.1.2 Modeling Isotopologues 

A further useful tool to analyze evaporation on a daily scale are isotop-
ologue measurements, as described in Chapter 1.6. With isotopo-
logue measurements we were able to measure changes in soil water 
isotopologue composition close to the surface, which we were not 
able to do in the lysimeter experiments. They can capture the isotopic 
fractionation that occurs during phase changes. The enrichment of 
heavier isotopes in remaining soil water provides a temporal signature 
that can be tracked as evaporation proceeds. Daily measurements al-
low correlating isotopic changes with environmental variables (tem-
perature, humidity, wind) that influence evaporation mechanisms. 

In our study, we used two different modeling approaches: SiSPAT-Iso-
tope (“One-and-a-Half” phase, one component model) and DuMux 
(fully coupled heat and water flow model). Our research aimed to 
identify key differences between these two models in simulating 
isotopologue transport within drying unsaturated porous media 
(Chapter 3). 

The focus of our comparison was understanding how different bound-
ary conditions affect simulations of isotopologue transport. We put a 
focus on the impact of residual water content on isotopologue 
transport simulations, examining the critical differences between the 
vGM model implemented in SiSPAT-Isotope versus the approach of 
characterizing soil hydraulic properties for dry conditions used in Du-
Mux.  

We hypothesized that the results of the fully coupled DuMux model 
would differ from the “One-and-a-Half” phase approach in SiSPAT-
Isotope because of its treatment of the gas phase and interface pro-
cesses. Modeling gas phase dynamics would lead to differences in 
predicted vapor transport, especially during stage-II evaporation. The 
differences in how residual water content is handled between the 
models would lead to different predictions of isotope transport under 
very dry conditions. 
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DuMux accurately reproduced high frequency heavy isotopologue ra-
tio variations in dried out soil by simulating complete drying of the sur-
face. DuMux maintained vapor concentration close to saturation while 
liquid water content decreased sharply in the regularized capillary 
pressure range. SiSPAT-Isotope, which prevents drying below residual 
water content, simulated neither these high frequency heavy isotopo-
logue ratio variations nor the downward movement of the evaporation 
front. 

Analysis showed that lower residual water saturation values pro-
duced more similar results between both models. At higher residual 
water saturations, SiSPAT-Isotope simulated smaller peaks in heavy 
isotopologue enrichment than DuMux due to the residual liquid water 
buffering changes in heavy isotopologue enrichment. 

Experimental data did not agree with any simulation approach, as 
sensors did not detect complete surface drying but did record in-
creased drying rates that were delayed and less pronounced com-
pared to DuMux predictions (Chapter 3.3.4). 

As the vGM model and the concept of residual water content are not 
sufficient for describing dry soil conditions, future work should con-
sider alternative capillary pressure-saturation relationships devel-
oped specifically for dry soil.  

When comparing experimental data with simulations, DuMux better 
reproduced vertical 𝛿𝑙

2𝐻 and 𝛿𝑙
18𝑂 profiles than SiSPAT-Isotope. SiS-

PAT-Isotope failed to show downward movement of isotopologue en-
richment peaks because the evaporation flux is implemented through 
an increasing boundary layer thickness with time, which keeps the 
evaporation front near the surface. For accurate simulation of down-
ward movement, models should account for diffusive transport in the 
laminar boundary layer and in the dried-out surface soil layer. 

This comparison highlights both the challenges in modeling dry soil 
conditions and the sensitivity of isotopologue behavior to boundary 
layers and to transport processes in dry soil. This sensitivity suggests 
high-frequency in situ isotopologue measurements could provide in-
sights into different transport processes controlling evaporation.  
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Moreover, we investigated whether daily measurements of stable wa-
ter isotopologues in soil profiles could effectively identify specific 
evaporation mechanisms, particularly the development of an evapo-
ration front (Chapter 3.3.5).  

Our hypothesis was that these daily isotopic measurements would 
provide sufficient temporal resolution to detect both the formation 
and movement of the evaporation front. We expected this front to be 
characterized by a distinct peak in heavy isotopic enrichment. We 
aimed to confirm Rothfuss et al. (2015) observation that the evapora-
tion front occurs at the location of maximum isotopic gradient (of 𝛿²𝐻 
and 𝛿¹⁸𝑂). 

We compared two methodological approaches for determining the 
evaporation front location: (1) at the point with maximal heavy isotope 
enrichment, and (2) at the location of the maximum isotopic gradient 
(of 𝛿²𝐻 and 𝛿¹⁸𝑂) (Chapter 3.3.5). Experimental measurements and 
DuMux simulations were analyzed. To evaluate the performance of 
these approaches, we compared them against a refined solution with 
resolution matching the discretization grid of DuMux. While both 
methods yielded identical results at fine resolution, our comparison 
of coarse-scale to fine-scale solutions revealed that the approach of 
identifying the maximum isotopic gradient, was closer to the refined 
solution. Based on these findings, we cannot recommend one ap-
proach over the other, but suggest further investigations to determine 
the specific conditions under which each approach might be more 
suitable. 

Several limitations of the study should be acknowledged.  

Our study primarily relied on controlled laboratory conditions, which 
may not capture the complexity of field environments where advective 
processes play a significant role.  

Looking at the water saturation measurements of Rothfuss et 
al. (2015), there is a visible drift with time in saturation, although the 
soil is drying, the saturation is slowly increasing below 40 cm depth 
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over time. Since the simulations reproduce the cumulative evapora-
tion well and the simulations close the soil water balance, the meas-
urements seem to overestimate the water saturation. 

The discrepancies observed between simulated results and experi-
mental measurements of water saturation suggest potential chal-
lenges in sensor calibration or model assumptions that need further 
research. There should be some analysis of sensor accuracy over long 
time periods and under very dry conditions considering validation with 
alternative measurement methods.  

To avoid numerical instability with SiSPAT-Isotope when modeling 
sand with a narrow pore size distribution, it was necessary to adjust 
the boundary layer thickness based on values derived from measured 
evaporation rates, which influenced the simulation results of isotopic 
fractionation. It did not simulate a downward movement of the heavy 
isotopologue enrichment peak since the reduction in evaporation dur-
ing soil drying was modeled by increasing the thickness of the laminar 
boundary layer, keeping the evaporation front near the surface 

The study focuses on a single soil type (uniform sand FH31) which re-
stricts our results to sand. Simulations with a wide range of soil tex-
tures and characteristics found in natural settings are necessary.  

Our examination was limited to one-dimensional vertical flow, ne-
glecting potential lateral flow or three-dimensional effects that might 
influence fractionation in natural environments. 

The regularization of the capillary pressure-saturation curve and as-
suming that no fluid flow could take place and film flow was ne-
glected, led to a rapid decrease in liquid saturation after reaching the 
residual saturation. A more accurate understanding and representa-
tion of water behavior below residual saturation is needed. 

 

4.1.3 Summary 

This thesis evaluates the ability of Richards equation based evapora-
tion models and isotope transport models to reproduce soil evapora-
tion dynamics across moisture states and temporal scales by using 
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two unique experimental datasets: (1) a three year bare soil weighable 
lysimeter dataset capturing natural climatic variability, and (2) high 
resolution isotope measurements under controlled drying conditions. 

Our results show that the Richards equation can accurately simulate 
long term evaporation during stage-I when soil hydraulic properties 
are well constrained but cannot represent vapor dominated and tem-
perature driven diurnal processes during stage-II. In contrast, isotop-
ologue modeling highlights the importance of boundary layer dynam-
ics, vapor diffusion, and the limitations of commonly used hydraulic 
models for evaporation. These combined findings emphasize the 
need for improved soil hydraulic parameterizations, explicit represen-
tation of vapor and heat transport, and integrated modeling ap-
proaches to describe evaporation across the full range of environ-
mental conditions. 

 

4.2 Outlook 

4.2.1 Modeling Evaporation 

We systematically evaluated how well the standard FAO PM method 
combined with Richards equation predict measured evaporation, and 
in showing that soil hydraulic parameter estimation critically affects 
predictions by comparing simulation with lysimeter data. 

In summary, our research shows that the Richards equation provides 
good results for longer temporal scales for a certain range of water 
saturation. Accurate modeling of soil evaporation across various tem-
poral scales and drying conditions require consideration of vapor flow 
dynamics, temperature fluctuations, soil treatment, and accurate de-
termination of SHPs through direct measurements rather than gener-
alized PTFs.  

For future work with PTFs the following should be considered: 

Natural soils typically exhibit bi- or multimodal pore size distributions, 
which are not represented by the vGM model (Dimitrov et al., 2014; 
Zhang et al., 2022). PTFs should be developed for models that capture 
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these pore size distributions such as Durner’s bimodal model 
(Durner, 1994). Durner’s bimodal model extends the van Genuchten 
equation by using a weighted sum of two or more van Genuchten func-
tions to represent different pore size distributions, which better repre-
sents inter- and intra-aggregate pore space. 

The concept of residual water content has no physical justification as 
soil water can approach zero (Weber et al., 2024). Our isotope study 
confirms this (Chapter 3). 

PTFs also do not consider the capillary hysteresis, which describes 
the different water retention curves for wetting and drying cycles. But 
the capillary hysteresis significantly influences water redistribution 
and is rarely incorporated in PTFs (Hannes et al., 2016; Weber et al., 
2024). The capillary hysteresis plays an essential role in the complex 
dynamics of soil water and has to be included in future models to 
achieve appropriate representations of the water retention processes 
(Hannes et al., 2016). 

Further research to evaluate and quantify this impact of soil surface 
management practices (like tillage) that influence pore size and sur-
face roughness, which reduce soil evaporation losses is needed. It is 
also important to account for changes in soil properties over time due 
to soil management practices, climate or biological activity. As we 
show in our study, lysimeters as long-term field trials can help collect 
data of temporal changes in soil hydraulic properties.  

To ensure physical plausibility in PTF derived parameters, secondary 
soil hydraulic properties like the characteristic length of evaporation 
𝐿𝑐, introduced in Chapter 2.4.4.2 (Lehmann et al., 2020), ponding time 
or field capacity should be used (Twarakavi et al., 2009; Weber et al., 
2024).  

PTFs mostly fail to account for soil structure(Vereecken et al., 2022), 
hence future models need to better account for incorporating infor-
mation from soil profile characterization and classification (Weber et 
al., 2024). 
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Another improvement for PTFs would be standardization of used data 
as different measurement methods create inconsistencies in da-
tasets. Programs like SOPHIE (Soil Program on Hydro-Physics via In-
ternational Engagement), already work on standardized protocols 
(Bakker et al., 2019). 

For capturing diurnal evaporation dynamics, coupling the Richards 
equation with surface water and energy balance equations is im-
portant. Models should account for temperature-dependent vapor 
transport and implement resistance terms dependent on surface soil 
moisture to better reproduce evaporation. 

Furthermore, to represent diurnal evaporation dynamics, other 
boundary conditions such as using resistance terms that depend on 
surface soil moisture could be implemented (van de Griend & Owe, 
1994). For example, Saito and Šimůnek et al. (2009) coupled the Rich-
ards equation with equations for the surface water and energy bal-
ance to achieve better reproduction of evaporation during diurnal cy-
cles. Therefore, they solved the energy balance equation at each time 
step to determine evaporation rates and heat fluxes at the boundary. 
The model iteratively solved the water flow and heat transport equa-
tions with these updated boundary conditions. They demonstrated 
that proper coupling of Richards equation with energy balance mod-
els significantly improved predictions at finer temporal scales com-
pared to uncoupled approaches, particularly for capturing diurnal 
temperature fluctuations.  

By addressing the above mentioned points, we can improve our rep-
resentations of soil evaporation processes, increasing accuracy for 
different temporal scales and soil conditions. 

4.2.2 Isotope Measurements and Simulation 

We combined stable isotope data with fully coupled mass and energy 
flow models to improve understanding of how evaporation affects wa-
ter and isotope distributions especially focusing on model behavior 
under different residual saturation conditions. 

Our results helped to understand evaporation driven isotopic frac-
tionation in unsaturated porous media. Both numerical models 
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demonstrated their ability to reproduce the general isotopic behavior 
observed in experiments. 

These numerical models should be extended to incorporate the im-
pact of airflow fluctuations in the dry surface soil layer and across the 
porous medium-free flow interface, which would enable more accu-
rate representation of field conditions where turbulent pumping and 
diffusive transport processes significantly influence evaporation and 
isotopic signatures. 

The comparison between modeled and measured isotopic profiles 
suggested that correctly representing diffusive transport processes in 
both the laminar boundary layer and the dried out surface soil layer is 
crucial for accurately reproducing the downward movement of the 
evaporation front.  

Kiemle et al. (2023) developed a model that couples the free-flow do-
main with the porous medium domain to investigate how atmospheric 
flow conditions affect isotopic fractionation. They solve composi-
tional flow equations with suitable coupling conditions at the soil-at-
mosphere interface. This allows for a better understanding of how air-
flow affects isotope transport. They test both laminar and turbulent 
flow conditions with varying wind velocities (0.1 to 3.0 m/s), showing 
that these different atmospheric conditions significantly impact the 
evaporation rate and subsequently the isotopic composition in soil. 
Moreover, the model confirms that equilibrium fractionation is tem-
perature sensitive, with higher evaporative cooling leading to greater 
isotope partitioning.  

The model of Kiemle et al. (2023) can be used as a supporting tool to 
refine parameterizations of fractionation processes, especially for ki-
netic fractionation at the soil atmosphere interface. In their approach, 
kinetic fractionation emerges naturally from the resolved transport 
processes in DuMuX and does not rely on any imposed kinetic frac-
tionation parameterizations. Because kinetic fractionation depends 
on the balance between diffusive and turbulent transfer above the soil 
surface and these contributions themselves depend on surface 
roughness, using isotopologue measurements to infer kinetic effects 
may help improve parameterizations of exchange processes across 
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rough surfaces. The model of Kiemle et al. (2023) is therefore suitable 
for exploring or quantifying kinetic fractionation, since the kinetic ef-
fects arise physically rather than from empirical factors. 

Kiemle et al. (2023) also performed isolated process tests to verify 
how individual kinetic and equilibrium components influence frac-
tionation, following the qualitative approach of Mathieu and Bariac 
(1996). A direct numerical comparison with classical analytical mod-
els (e.g., Barnes & Allison (1984), Craig & Gordon (1965)) is not possi-
ble because those analytical formulations do not resolve a free flow 
domain, assume constant evaporation rates, and require parameter-
ized kinetic fractionation factors. The model of Kiemle et al. (2023) 
does not prescribe a boundary layer thickness; instead, the atmos-
pheric boundary layer develops dynamically from the solution of the 
free flow equations (laminar or turbulent) in the atmospheric domain. 

Field scale applications of isotopologue measurements represent an 
essential next step, as evaporative demands under natural conditions 
typically exceed those in laboratory settings. 

Quade et al. (2019) applied the same gas-permeable membrane tech-
nology of Rothfuss et al. (2013) in the field to investigate partitioning 
of water isotopologues in a sugar beet field. The evaporation was 
measured in situ and identified large differences between the isotope 
δ values derived from destructive and non-destructive measure-
ments. Their analysis using a transfer resistance model revealed dis-
crepancies in T/ET (transpiration fraction) ratio estimations, which are 
critical for understanding how water moves through the soil-plant-at-
mosphere continuum. 

Oerter et al. (2017) employed a vapor-permeable membrane tech-
nique to measure soil water isotopes in situ at four locations across 
North America. They validated the water vapor probe method through 
comparison with the bag equilibration method and vacuum extrac-
tion, followed by liquid water analysis. Their assessment demon-
strated that while the accuracy of all three methods was comparable, 
the water vapor probe method provided significant advantages in ease 
of use and higher sample throughput. 
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Comparing the systems described by Rothfuss et al. (2015) and 
Oerter's (2017) both methods use similar underlying principles of gas-
permeable membranes for isotope measurements. Oerter's (2017) 
system represents a significant evolution in design that prioritized 
field applicability, validation across multiple environments, and prac-
tical usability considerations. The main advancement in Oerter's 
(2017) method was translating the gas-permeable membrane tech-
nology from a primarily research-focused implementation to a more 
field-ready system with practical improvements in deployment flexi-
bility, calibration, and efficiency. 

With the increasing adoption of laser-based measurement tech-
niques for isotopologue monitoring, describing the processes near 
the soil surface will become increasingly important for interpreting 
observational data.  

Expanding this research to include a variety of soil types beyond the 
uniform sand used in this study would enhance the applicability of the 
findings. The interplay between soil texture and pore network is espe-
cially important for heterogeneous field soils with more complex pore 
size distributions. Soils with more complex pore networks are chal-
lenging for modeling vapor transport and isotopic exchange pro-
cesses. 

Understanding how these factors affect the position and movement 
of the evaporation front which gives us information on how water is 
lost from the soil through evaporation can be applied in agricultural 
water management to support precision irrigation strategies aimed at 
minimizing water loss in water scarce regions. 

Future research should focus on dry soil capillary pressure-saturation 
relationships, broader soil texture analyses, and integrated water bal-
ance-isotopologue models to improve evaporation predictions and 
agricultural water management.  
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5 Appendix 

A.1  Soil Textures of the Different Lysimeters 

Table A 1: Soil textures of the different lysimeters located in Selhausen (Her-
brich et al., 2017). For the Selhausen soil (SE) only profile information 
of the field side is available (Weihermüller et al., 2006). 

 Lysimeter and code in 
TERENO database 

Layer 

D
epth 

[cm
] 

Layer 
thickness 
[cm

] 

Sand [%
] 

Silt [%
] 

C
lay [%

] 

BL4 
SE_Y_031 

 Ap 28 28 4.90 72.91 22.18 
Axh1-2 48 20 4.27 82.66 13.07 
Axh3 72 24 4.05 81.66 14.30 
C1 128 56 5.60 67.47 26.93 
C2 141 13 5.15 71.98 22.87 
C3 >14

1 
n.a. 65.04 15.96 19.00 

BL5 
SE_Y_035 

Ap 29 29 4.90 72.91 22.18 
Axh1-2 40 11 4.27 82.66 13.07 
Axh3 68 28 4.05 81.66 14.30 
C1 123 55 5.60 67.47 26.93 
C2 141 18 5.15 71.98 22.87 
C3 >14

1 
n.a. 65.04 15.96 19.00 

BL6 
SE_Y_036 

Ap 28 28 4.90 72.91 22.18 
Axh1-2 46 18 4.27 82.66 13.07 
Axh3 73 27 4.05 81.66 14.30 
C1 145 72 5.60 67.47 26.93 
C2 5.15 71.98 22.87 
C3 >14

5 
n.a. 65.04 15.96 19.00 

SB10  
SE_Y_042 

Ap 26 26 13.40 61.49 25.11 
M1 83 57 15.69 69.69 14.63 
M2 112 29 11.28 74.08 14.64 
M3 >11

2 
n.a. 5.99 75.50 18.51 

SB11 
SE_Y_043 

Ap 23 23 13.40 61.49 25.11 
M1 92 69 15.69 69.69 14.63 
M2 112 20 11.28 74.08 14.64 
M3 >11

2 
n.a. 5.99 75.50 18.51 

SB12 
SE_Y_044 

Ap 30 30 13.40 61.49 25.11 
M1 76 46 15.69 69.69 14.63 
M2 102 26 11.28 74.08 14.64 
M3 131 29 5.99 75.50 18.51 
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 Lysimeter and code in 
TERENO database 

Layer 

D
epth 

[cm
] 

Layer 
thickness 
[cm

] 

Sand [%
] 

Silt [%
] 

C
lay [%

] 

C >13
1 

n.a. 12.59 68.98 18.43 

DD9 
SE_Y_041 

Ap 30 30 45.5 39.7 14.8 
Bt 55 25 50 23.6 26.4 
elCcv 100 45 65.5 24 10.5 
elCv 150 50 61.1 27.4 11.5 

DD7 
SE_Y_045 

Ap 37 37 60.6 26.7 12.7 
Bt 75 38 50 23.6 26.4 
elCcv 150 75 65.5 24 10.5 

DD8 
SE_Y_046 

Ap 29 29 51.2 33.5 15.3 
Bt 75 46 50 23.6 26.4 
Bvt 84 9 50 23.6 26.4 
elCcv 105 21 65.5 24 10.5 
elCv 150 45 61.1 27.4 11.5 

SE 
SE_Y_032  
SE_Y_033 
SE_Y_034 

Ap 7.5 7.5 15.4 67.5 17.1 
Ap 22.5 15 15.6 67.7 16.6 
Al-Bv 37.5 15 14.2 66.2 19.6 
Al-Bv 52.5 15 18.1 60 22 
II-Btv 72.5 20 12.4 63.3 24.3 
II-Btv 92.5 20 9.8 65.1 25 
II-Btv 125.

5 
33 21.9 58.9 20.2 

 



144  

 
Figure A 1: Hydraulic conductivity plotted against the pressure head (left) and 

the water retention curve for the Bad Lauchstädt (BL) and Dedelow 
(DD) soil type in different depths 
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A.2  Net Radiation Measurements 

 

Figure A 2: Values for RN measured above two different lysimeters in Selhau-
sen containing different soil types. RN 03 was measured above SE RN 

04 was measured above SB soil. 

In a first attempt, potential evaporation was calculated from 𝑅𝑁 that 
was estimated from the short-wave radiation and the atmospheric 
water vapor concentration according to the approach proposed by Al-
len et al. (1998). In a second attempt, measured 𝑅𝑁 was taken for cal-
culations. Aim was to avoid errors in potential evaporation given by 
the measurement of 𝑅𝑁, being influenced by the soil surface and its 
cover. The approach proposed by Allen et al. (1998) does not use 
measurements of long wave radiation but uses an empirical relation 
that may have to be recalibrated for a specific location. The measured 
net long wave radiation depends on the surface temperature of the 
soil, which is higher than the surface temperature of a reference well-
watered surface that is evaporating at a potential rate when the soil is 
dry and is evaporating less. The differences between both calcula-
tions can be neglected. In general, the calculated 𝑅𝑁 varies more and 
shows greater negative values by night while the 𝑅𝑁 during daylight 
periods are corresponding (Figure A 3).  
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Figure A 3: Comparison of calculated and measured diurnal net radiation 
[MJ m-2h-1] for August 2017. 

 

A.3  Additional Information ANOVA Analysis 
Evaporation from lysimeter l installed in soil 𝑠 on day 𝑑 was analyzed 
using an additive analysis of variance (ANOVA) model. The observed 
evaporation was expressed as the sum of an overall mean evapora-
tion and four additive components: (i) the effect of time (day), (ii) the 
effect of soil type, (iii) the interaction between soil type and time, and 
(iv) the effect of the individual lysimeter. The temporal effect repre-
sents the influence of time varying meteorological conditions, such as 
rainfall and potential evaporation, on evaporation rates. The influence 
of soil type on evaporation is captured by both a main soil effect, rep-
resenting differences in mean evaporation between soils, and a soil x 
time interaction term, which reflects differences among soils in their 
temporal response to changing meteorological conditions. 

The model assumes that there is no interaction between lysimeter 
and time; that is, the lysimeter effect is considered constant over the 
entire observation period. Consequently, potential interactions be-
tween lysimeter and time are not explicitly modelled but are included 
in the residual error term. Although this assumption simplifies the 
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model, it implies that temporal changes in lysimeter specific behav-
iour are treated as random variation. 

Lysimeters were treated as a nested factor within soil type, such that 
each lysimeter is uniquely associated with a single soil. Under this 
nested ANOVA framework, the lysimeter effect represents a constant 
deviation of an individual lysimeter from the mean evaporation of its 
corresponding soil across all observation days. This approach allows 
testing whether observed differences in evaporation between soils 
both in terms of mean evaporation over time and soil specific tem-
poral patterns can be attributed to systematic soil effects or are in-
stead due to random variation arising from the selection of lysimeters. 

A key assumption of the ANOVA model is that residual errors are un-
correlated in time. This assumption was evaluated by calculating the 
autocovariance of the residual error terms derived from the fitted 
model. The analysis revealed significant temporal autocorrelation of 
residuals for lag times of up to five days (Figure A 4). Such autocorre-
lation leads to an underestimation of residual variance and conse-
quently to an overestimation of the statistical significance of model 
effects. 

 

Figure A 4: Autocovariance of residuals of original model 
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To assess the impact of this violation of the independence assump-
tion, the ANOVA was repeated using a reduced dataset consisting 
only of evaporation observations separated by at least five days. While 
this approach reduced the effective temporal autocorrelation (Figure 
A 5), it did not alter the overall conclusions regarding the significance 
of the main effects and interactions. However, the corresponding sig-
nificance levels were lower, indicating a more conservative and ro-
bust statistical inference (Table A 2). 

Table A 2: ANOVA analysis showing the significance of differences caused by 
time, soil, lysimeters and the unexplained error. 

Source Sum of 
squares 

df Mean 
square 

F Prob > F 

      
Time 210.884 43 4.90427 417 0 
Soil 0.353 3 0.1177 2.85 0.1049 
Lysime-
ter(soil) 

0.33 8 0.04128 3.51 0.0006 

Time × soil 4.191 129 0.03249 2.76 0 
Error 4.046 344 0.01176 

  

Total 219.804 527 
   

 

 

Figure A 5: Autocovariance of residuals of original model using data with 5 
days intervals. 
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A.4  Component Specific Factors 
As mentioned before, the component description and, thereof, the 
fractionation of the isotopologues are dependent on parametriza-
tions. In Table A 3, the values for the equilibrium fractionation factor 
are listed. The kinetic fractionation is driven by diffusion in the liquid 
and the gas phase. The respective diffusion coefficients and the para-
metrization values are listed in Table A 4: 

Table A 3: Parametrization values for the equilibrium fractionation factor for 
isotopologues 𝐻1 𝐻2 𝑂16  and 𝐻2

18𝑂. 

Coefficient a b c 
𝐻1 𝐻2 𝑂16  24844 -76.248 0.052612 
𝐻2

18𝑂 1137 -0.4156 -0.00206677 
 

Table A 4: Binary diffusion coefficients for 𝐻1 𝐻2 𝑂16  and 𝐻2 𝑂181 . 

Definition  Parameterization 
value 

Liquid diffusion coefficients 
Self-diffusion coefficient of 𝐻2𝑂 in the liquid phase 

2 , 9

2

535400 1393.3
10 exp 2.1876

H O self

lD
T T

−  
= − + + 

 

 

 

 

Binary diffusion coefficient of 𝐻2𝑂 − 𝑖 in the liquid 
phase 

 2 2, , 1 2 16 1 18

2, ,H O i H O selfi

l lD a D i H H O H O=   

(Mathieu & Bariac, 
1996) 
𝑎𝐻2

18𝑂 = 0.9669 
𝑎 𝐻1 𝐻2 𝑂16

= 0.9833 
 

Gas diffusion coefficients 
Binary diffusion coefficient of 𝐻2𝑂 −  𝑎𝑖𝑟  in the gas 
phase 

2

1.88

, 72.17 10
273.15

air H O

g

T
D −  

=   
 

 

 

Binary diffusion coefficient coefficient 𝑖 −  𝑎𝑖𝑟 in the 
gas phase 

 2,, 1 2 16 1 18

2

1
, ,

air H Oair i

g g

i

D D i H H O H O
b

=   

 

(Merlivat, 1978) 
𝑏𝐻2

18𝑂 = 1.0285 
𝑏 𝐻1 𝐻2 𝑂16

= 1.0251 
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Table A 5: Initial and boundary conditions for analyzing the impact of residual 
water saturation on the dry zone. 

Parameter  Values 
Soil conditions (initial)  
Water saturation, 𝑆𝑙  0.74 [m3 m-3] 
Temperature, 𝑇 289 [K] 
𝛿𝑙

2𝐻 value -52 [‰] 
𝛿𝑙

18𝑂 𝑣𝑎𝑙𝑢𝑒 -8 [‰] 
Gas pressure, 𝑝𝑠 105 [Pa] 
Atmospheric conditions (initial and 
boundary) 

 

Relative humidity, 𝑅𝐻 0.4 [-] 
Temperature, 𝑇 289 [K] 
Isotopologue concentration, 𝛿𝑙

2𝐻 -100 [‰] 
Isotopologue concentration, 𝛿𝑙

18𝑂 -15 [‰] 
Gas pressure, 𝑝𝑠 105 [Pa] 
Boundary layer thickness, 𝛿𝑧 0.005 [m] 
Hydraulic parameters  
Van Genuchten parameter, 𝑛𝑉𝐺  1.6 [-] 

 

A.5  Derivation of Boundary Layer Thickness for the Upper 
Boundary Flux 

The boundary layer thickness is an unknown degree of freedom in the 
upper boundary conditions. As the total evaporation rate is measured 
in the experiments, the boundary layer thickness can be derived from 
the measured total evaporation rate and used to define the compo-
nent evaporation fluxes. The derivation of the boundary layer thick-
ness was different for DuMux and SiSPAT-Isotope. The calculated total 
evaporation rate with the derived boundary layer thickness is com-
pared with the measured evaporation rate in Figure A 6. 
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Figure A 6: Resulting total evaporation fluxes for DuMux (blue) and SiSPAT-
Isotope (orange) compared to to experimental data (gray). 

 

 

Figure A 7: Derivation of the aerodynamic resistance in SiSPAT-Isotope over 
time. The aerodynamic resistance is either imposed by using the 
measured evaporation flux (gray lines) or further modified by stepwise 
linearizing the computed aerodynamic resistance (orange line). 
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Figure A 8: Effect of different boundary layer conditions in SiSPAT-Isotope on: 
(a) relative humidity at soil surface level, (b) the 𝛿 𝐻2  , and (c) 
𝛿 𝑂18  profiles on day 140. Constant (straight line) and fitted (dashed 
line) boundary layer thickness has been chosen as variants for the 
boundary layer conditions. 

In DuMux, a constant boundary layer thickness is set for the entire sim-
ulation period. The boundary layer thickness is derived through an in-
teractive process until the deviation of the calculated evaporation 
rate to the measured evaporation rate is minor. 

In SiSPAT-Isotope, it is assumed that the boundary layer thickness 
changed over time. The boundary layer thickness is derived by intro-
ducing the aerodynamic resistance, 𝑟𝑎 [s m-1], which is defined as 

𝑟𝑎 ≔
𝛿𝑧

𝐷𝑔
𝐻2𝑂,𝑎𝑖𝑟 . The aerodynamic resistance is then derived in two 

steps. In the first step, the daily measured evaporation flux is imposed 
on SiSPAT-Isotope, so the aerodynamic resistance is inversely calcu-
lated (Figure A 7). In the second step, the aerodynamic resistance over 
time is described using a stepwise linear function. A detailed descrip-
tion of the optimization of the aerodynamic resistance can be found 
in Braud et al. (2009) and Hernández-López et al. (2016). Figure A 8 
shows how different descriptions of the boundary layer thickness 
(here: constant and fitted) affect the relative humidity and the isotop-
ologue concentrations in SiSPAT-Isotope (Section 3.3.4). 
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A.6  Supplementary Material About the Description of the 
Isotopologue Concentration Profiles 

Figure A 9 supplements the findings in Figure 3-5. Figure A 10 de-
scribes in detail the impact of the phase status of the evaporation rate 
on the isotopologue concentration profile in soil. Here, we highlighted 
the enrichment of isotopologues during stage-I evaporation and the 
transition into stage-II. 

 

Figure A 9: Abundance of 𝐻2
18𝑂 isotopologs expressed in 𝛿𝑙

18𝑂 over time at 
different depths. The simulated values (DuMux [blue] and SiSPAT-Iso-
tope [orange]) are plotted against experimental observations (gray). 
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Figure A 10: Simulated abundance of 𝐻1 𝐻2 𝑂16  and 𝐻2
18𝑂 expressed in (b) 

𝛿𝑙
2𝐻 and (c) 𝛿𝑙

18𝑂 by DuMux at different phases of (a) the evaporation 
rate. 

 

A.7  Input and boundary condition values for setup change 
used for analyzing the dry zone 

In Table A 3, we summarize the conditions used for analyzing the var-
iations of the residual water saturation 𝑆𝑤𝑟. Concerning the transport, 
hydraulic, and thermal property parameters, the values remained as 
listed in Table 3-1 beside the van Genuchten parameter 𝑛𝑉𝐺. 

  



 155 

Use of Generative AI  

I did use generative AI assistance tools during the writing process of 
my thesis.  

I did use the generative AI assistance tool claude.ai (Haiku 3.5, Sonnet 
3.7 and Sonnet 4) and ChatGPT 5.2 from 23.02.2025 to 11.01.2025 in 
Chapters 1 and 4. 

Generative AI assistance was used for language assistance, including 
translation, grammar and spelling correction, and optimizing con-
sistency throughout the introduction, conclusion and outlook.  

Generative AI was used for carrying out a literature review. This in-
cludes assistance with finding relevant literature related to specific 
topics, generating overviews for my own understanding and recall. 

The text and images in this thesis are my own (unless otherwise spec-
ified) and generative AI has only been used in accordance with the KU 
Leuven guidelines and appropriate references have been added. I 
have reviewed and edited the content as needed and I take full re-
sponsibility for the content of the thesis.  
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