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ABSTRACT 

 

 Resistance terms have been used in many studies to simplify the complex processes 

associated with water vapor transport across the land-atmosphere interface. Soil resistance, 

accounts for an additional resistance to evaporative losses associated with a drying soil 

surface. Early formulations were empirically derived from limited measured datasets, which 

confines their widespread applicability, but some newer formulations better relate to the physical 

processes at play. The Tang and Riley (2013) formulation avoids a direct empirical relation 

between soil resistance and the soil water content at some depth below the surface by 

considering liquid flow and gaseous diffusion determined from existing constitutive relationships. 

However, it has only been tested in a large scale, single phase model against global datasets. 

In this work, we utilize comprehensive data sets from wind tunnel evaporation experiments and 

a multiphase heat and mass transfer model to compare the accuracy of this resistance term with 

other prevalent soil resistance formulations and their sensitivity to model structure. Applying 

these measured and modeled data sets decreases reliance on simplifying assumptions and 

allows for more robust examination of the different formulations applied to homogeneous and 

heterogeneous soil surfaces. Results illustrate the significant variation in the behavior of 

different soil resistance terms over the course of the drying process. The mechanistic soil 

resistance performed well compared to more empirical approaches. Sensitivity of the soil 

resistance and the corresponding evaporation rate to the defined surface soil layer thickness 

used in the model structure and the diffusivity model varies across formulations and soil 

moisture conditions. Averaging soil state variables across a heterogeneous surface indicates 

limited capability to capture the overall evaporation rate behavior. These findings offer new 

insight into how well these soil resistance formulations relate to the physical processes 

associated with evaporation from the soil surface. The more physically-based resistance shows 

potential for more accurate estimation of evaporation from bare soil, but relies heavily on proper 

parameterization of soil transport properties associated with vapor transport to the surface.  
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CHAPTER 1 

INTRODUCTION 

 

 Land Surface Models (LSMs) are used to predict heat, energy, and momentum fluxes 

occurring at the land surface and the resulting effects in the soil and atmosphere at various 

scales. Inaccurate or simplifying assumptions can have drastic effects on regional and global 

LSM predictions and cause available LSMs to predict conflicting values for the soil moisture 

conditions and surface fluxes (e.g. evapotranspiration, infiltration, run off). Evaporation from 

bare soil is an integral component of the water balance. However, it is very difficult to accurately 

predict since it is affected by the spatially and temporally dynamic temperature and moisture 

distributions within the soil and direction of fluxes due to soil heterogeneities and changes in 

atmospheric conditions. These fluxes are reliant on the coupled effects of atmospheric 

conditions and soil thermal and hydraulic properties [Sakai et al., 2011]. Ideally, the heat, mass, 

and momentum transfer in the free flow and porous media would be modeled at the pore scale, 

utilizing the most robust representation of the relevant physical processes. However, due to 

computational limitations and lack of data fully capturing the complex processes involved, model 

simplifications must be made at larger scales [Tang and Riley, 2013a].  

One such simplification in LSMs and other hydrological models at various scales 

involves assuming a linear gradient of vapor density and temperature from a certain depth in the 

soil to the atmospheric reference height above the surface where atmospheric conditions are 

measured. This allows the free flow and porous media to be considered separately with a 

prescribed flux at the interface coupling the two domains. The prescribed mass flux is 

expressed as the difference in the vapor density between the soil and the overlying air divided 

by the sum of resistance terms representing various inhibitors to mass transport (e.g. near-

surface air layering and soil structure). Often times, the resistance term due to water transport 

through the porous media to the surface is empirically determined from a specific soil type under 

specific environmental conditions [e.g. Shu Fen, 1982; Camillo and Gurney, 1986; Kondo et al., 

1990; Sellers et al., 1992; van de Griend and Owe, 1994, Kondo and Saigusa, 1994]. These 

terms are then commonly applied to other soil types under different environmental conditions, 

but this practice fails to produce consistent predictions of field or laboratory evaporation fluxes 

when used in different models [e.g. Bittelli et al., 2008; Smits et al., 2012; Desborough et al. 

1996]. In order to address this, newer formulations have been developed utilizing a derivation or 

direct measurement of the dry surface layer (DSL) thickness [e.g. Yamanaka et al., 1997; 
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Sakaguchi and Zeng, 2009; Swenson and Lawrence, 2014] or by only using parameters 

describing soil hydraulic properties and vapor diffusivity in the formulation [i.e. Tang and Riley, 

2013a,b]. Considering the DSL thickness corresponds to the physical process of diffusion 

through the soil. However, utilizing the DSL either requires its direct measurement, which is 

impractical in most applications, or empirical derivation. Although the Tang and Riley (2013a) 

formulation avoids reliance on additional empirical fitting parameters, it has not been thoroughly 

tested to determine its behavior when considering vapor transport in the model structure.  

 Most of these soil resistance formulations have not been tested in the presence of 

heterogeneous conditions. Nevertheless, heterogeneities are ubiquitous in natural soils and 

occur across all scales due to differences in geology, topography, climate, and land use at the 

field scale to biological, chemical, and soil microstructure variations at the pore scale 

[Vereecken et al., 2016]. Many pore scale heterogeneities are abated when the magnitude of 

scale is much larger than the heterogeneities. Hence, it is possible to represent most of those 

pore scale heterogeneities with relationships such as the soil water retention curve at the 

continuum scale. The size, shape, and complexity of the heterogeneities determine how suitable 

they are to homogenization at larger scales.  Darcy’s law and the Richards (1931) equation are 

two prevalent examples of homogenization of pore scale heterogeneities [Daly and Roose, 

2015]. Determining scales and conditions in which homogenization can be effective is essential 

for large scale modeling where computational cost is a factor. Empirically derived soil resistance 

formulations have typically been tested at scales where heterogeneities are disregarded or in 

lab experiments that only consider homogeneous soils. However, those heterogeneities can 

have substantial effects on the evaporation rate from a bare soil [Lehmann and Or, 2009; Shokri 

et al., 2010]. Preferential flow pathways form in the presence of heterogeneities, causing the 

average flux leaving two discrete domains of different properties to not equal the total flux 

observed when the two soils are coupled [Rossi et al., 2008; Lehmann et al., 2012].  

The goal of this work is to improve our understating of modeling approaches for 

representing soil resistance to capture the heat and mass fluxes associated with evaporation 

under different heterogeneous soil and land conditions. This focused study of soil resistance 

takes into account the added complexities of soil heterogeneity and provides new insights into 

mass and thermal flux interactions within the shallow subsurface, or the zone immediately below 

the land surface where soil moisture is primarily affected by the dynamics of thermal and water 

flux. The work presented here provides an important step towards refining our understanding of 

soil resistance formulation behavior and its impact on evaporative flux predictions. Experimental 
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data from bench scale wind tunnel experiments are used to compare the effectiveness of four 

commonly used resistance formulations that represent different formulation structures.  

 This thesis will frame driving motivations, background information, methodology 

associated with experimental and numerical modeling, results and discussion of relevant 

findings, and conclusions. The remainder of Chapter 1 will lay out the motivations behind the 

project objectives and scope.  Chapter 2 will provide background information on the process of 

evaporation and how it is affected by heterogeneities at the continuum scale, soil surface 

parameterization, the soil resistance parameter, and discussion of other components that may 

affect the evaporative efficiency and consequent evaporation rate. The primary research 

questions and objectives will also be presented in Chapter 2.  Chapter 3 will explain the 

methods and tools used in this analysis, including descriptions of the experimental apparatus, 

the measurements taken, and the two models utilized.  Chapter 4 will present experimental and 

modeling results and discussion.  Chapter 5 will offer final conclusions of this work. 

1.1 Motivation 

Evaporation from soil plays an integral part in the hydrologic cycle, generally accounting 

for about 20 to 40% of the total evapotranspiration depending on the local land cover and 

atmospheric conditions [Arora and Boer, 2002; Lawrence et al., 2007]. Bare soil evaporation 

has the most impact in semi-arid and arid landscapes where vegetation is sparse or in cropland 

that is left fallow for significant portions of the year. These climates are associated with over 50 

and 10% of the earth’s landmass, respectively [Katata et al., 2007; Lambin and Meyfroidt, 

2011]. However, evaporation is a difficult process to estimate, and slight misrepresentations can 

have drastic effects in large-scale simulations due to feedbacks from climate models [Tang and 

Riley, 2013b]. For example, predictions of the relative contribution of evaporation to global 

evapotranspiration averaged over the same ten-year period from ten climate models including 

the Community Land Model (CLM4) ranged from 36 to 75% [Wang and Dickinson, 2012].  

At the global and regional scale, improved LSMs help earth system models (i.e. the 

Accelerated Climate Modelling for Energy project (ACME) and the Community Earth System 

Model (CESM)) gain insight into climate trends and how those trends will affect different 

regions. Decreasing model uncertainty through better understanding of the physical processes 

at play will increase confidence in modeling efforts by providing predictions of timing and extent 

of rainfall and seasonal temperature fluctuations [Vereecken et al., 2016]. Better predictions will 

increase the appeal for use of these numerical tools in sustainable public policy, development 

planning, and agricultural planning. Better understanding of future water availability will help 

motivate and inform agricultural reform to better serve a growing population. Without major 
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changes to food production practices, required inputs (i.e. water, fossil fuels, fertilizer, etc.) and 

potential for pollution and soil degradation will increase in order to meet growing demand 

[Power, 1996].  Already, 24% of the earth's land surface currently affected by soil degradation 

processes [Bai et al., 2008], making the challenging task of predicting and preparing for 

changes in yield even more necessary. Accurate simulations of the processes involved in 

evaporation from the earth’s surface could also aid in shallow subsurface remediation [Gierke et 

al., 1992; Armstrong et al., 1994], understanding soil salinization processes [e.g. Nachshon et 

al., 2011], and design of landfill or mine tailings pile soil covers [Yanful et al., 2003; Scanlon et 

al., 2005]. 

 Large scale LSM’s are heavily dependent on observational data sets, and model 

improvement often involves adjusting empirical parameters to fit measured data from a site. 

However, consistent biases in LSMs indicate the need for better representation of the basic 

processes involved [Abramowitz et al., 2007]. Pore scale modeling of these phenomena would 

minimize assumptions and the consequential uncertainties.  However, when considering even a 

bench scale volume of soil, the required quantity of high-resolution data and computing power 

makes pore scale modeling practically infeasible. Hence, simplified representations of the small-

scale physical processes that can reproduce observable behavior at larger scales are required. 

Pore structure and phase interfaces are no longer noticeable at the continuum scale so pore 

scale processes can be upscaled using effective properties such as permeability and capillary 

pressure (e.g. Darcy’s equation to describe flow) [Poate et al., 2015].  

Simplification of the complex interactions between the soil and the atmosphere at the 

interface also require simplification at larger scales. The use of resistance terms to link the 

fluxes between the two domains is a common simplification method, but the formulation of this 

resistance term has varied significantly between studies and its derivation is often purely 

empirical. In fact, there are over a dozen soil resistance or evaporative efficiency formulations 

available [e.g. Mahfouf and Noilhan, 1991; Lee and Pielke, 1992; Yamanaka et al., 1997; Merlin 

et al. 2011; Tang and Riley, 2013a; Swenson and Lawrence, 2014] that are used in models 

applied at the lab, regional, and global scales [e.g. Dekić et al., 1995; Desborough et al., 1996; 

Bitelli et al., 2008; Smits et al., 2012; Tang and Riley, 2013b]. A consistently superior 

formulation has yet to be identified which drives the need for further understanding of how well 

resistance terms connect to actual physical processes within homogeneous and heterogeneous 

domains [Kondo et al., 1990; Merlin et al., 2011; Jefferson and Maxwell, 2015]. 
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CHAPTER 2 

BACKGROUND, OBJECTIVES, AND SCOPE 

 

 This chapter expands on the problem description and motivation introduced in Chapter 

1. It reviews past research related to evaporation and the effect of soil heterogeneity on 

evaporation (Section 2.1). This is followed by a review of different ways in which the evaporation 

process has been parameterized as a function of moisture content at a shallow depth below the 

surface and formulations of a parameter capturing the resistance to water flux from the surface 

caused by the soil (Section 2.2 and 2.3). The aerodynamic resistance is briefly discussed in 

Section 2.4 as it directly effects empirical soil resistance terms and could affect the later 

analyses, and then other empirical constitutive relationships and model components that affect 

the resistance parameters (Section 2.5) are introduced and discussed in detail. Next, the 

background of the numerical model is discussed (Section 2.6). Then the main questions and 

objectives of this project are then explicitly defined (Section 2.7 and 2.8). 

2.1 Evaporative Water Flux from Soil  

Mass and energy are in constant states of flux between the frequently fluctuating 

atmosphere and the relatively steady groundwater. Surface moisture is diminished when 

sufficient energy for phase change is delivered to the soil surface. The resulting gradients drive 

water transport from depth to the surface, both in liquid and vapor phases. This transport 

through tortuous pathways in unsaturated soil, as well as the vapor transport from the surface 

through the near surface atmosphere, limits the evaporation rate. The coupled heat and mass 

transfer that defines evaporation from soil depends on a number of soil transport properties and 

atmospheric conditions.  Transient soil characteristics affecting soil evaporation include effective 

thermal and hydraulic conductivity and diffusivity, which are further dictated by porosity, pore 

size, tortuosity, thermal conductivity of the soil particles, particle grain geometry, temperature, 

and water content.  Highly dynamic free flow characteristics such as relative humidity, 

temperature, radiation, and airflow directly affect the heat and mass gradients through the 

porous media, effectively determining the atmospheric demand as shown in Figure 2.1. The 

number and complexity of these contributing factors require simplified parameterizations based 

off a sound understanding of the physics behind evaporation across different scales to keep the 

modeling as practical and accurate as possible.  
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Figure 2.1:  Conceptual diagram of the energy balance associated with evaporation from bare 
soil at the continuum scale. While hydraulic connections to the surface through areas of fine 
textured soil remain, liquid flow maintains a high vapor concentration in the pore gas near 
the surface such that the evaporative demand determined by the atmospheric conditions 

is generally satisfied. After the connection is lost, vapor transport through the 
unsaturated zone limits the evaporation rate. 

 
2.1.1 Stages of Evaporation  

Following the hypotheses of Kossowicz (1904), many studies investigating evaporation 

have observed distinct stages in the drying process. The periods of evaporation have been 

delineated in different ways [e.g. Fisher, 1923; Le Bray and Prat, 1999; Lehmann et al., 2008], 

but the general behavior of the evaporation rate over the course of drying involves the following 

three steps: a period between initial air intrusion and hydraulic disconnection between the 

surface and the pore water where the atmospheric demand is satiated, a rapid decrease in the 

evaporation rate as hydraulic connectivity to the surface is severed, and then a much lower rate 

attributed to diffusive transport that declines gradually as the front recedes. In this work, the 
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stages defined by Lehmann et al. (2008) are used such that the initial period of constant 

evaporation primarily dictated by atmospheric demand marks stage 1 evaporation while stage 2 

is limited by vapor diffusion through a dry soil layer. 

Starting with a saturated soil column, the evaporation rate decreases until just before air 

penetrates across the interface into the soil [Le Bray and Prat, 1999; Yiotis et al., 2006]. After 

initial air entry, the evaporation remains at a relatively high and consistent rate driven primarily 

by atmospheric demand and sustained as long as water transport from the bulk groundwater to 

the soil-atmosphere interface can meet that demand. This period of constant evaporation rate is 

designated as stage 1 evaporation, as shown in Figure 2.2a. During the early portion of stage 1 

the bulk of liquid transport occurs through saturated pores spanning from the top of the capillary 

fringe to the surface. Flow through these liquid pathways occurs via capillary pumping to the 

surface (i.e. flow driven by capillary pressure gradients) [Tsimpanogiannis et al., 1999]. This 

region between the upper extent of the continuous liquid pathways through saturated pores and 

the capillary fringe (i.e. fully saturated zone above the water table) is referred to as the drying 

front [Lehmann et al., 2008].  

The maximum thickness of the drying front shown in Figure 2.2b, referred to as the 

characteristic length in Lehmann et al. (2008), is dependent on the width of the pore size 

distribution. A greater range of pore sizes leads to a greater characteristic length. When the 

characteristic length is surpassed, stage 1 ends since the capillarity is negated by gravity (and 

viscous dispersion in fine textured soils). Lehmann and Or (2009) described a way to 

analytically estimate this onset of declining capillary connection to the surface by linearizing the 

soil water retention curve (SWRC). When viscous effects are negligible, the characteristic length 

is synonymous with the maximum head difference between the largest and smallest pores in a 

homogeneous material, and marks the maximum surface matric potential at which hydraulic 

connection to the bulk soil water is maintained. Using the van Genuchten (1980) SWRC, 

Lehmann et al. (2008) derives the characteristic length (∆ℎ ) and air entry value ( ) as: 

 ∆ℎ = − ( − ) − / ( − ) − /
 

(2.1) 

 = ( − ) − / − ∆ℎ  
(2.2) 

where  and  are fitting parameters related to the van Genuchten (1980) SWRC. Assuming 

hydrostatic conditions and thus a linear pressure profile as in Lehmann et al. (2008) allows ∆ℎ  to equal the depth of the top of the capillary fringe and ∆ℎ +  to equal the depth to 

the water table at the end of stage 1 evaporation. 
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Once continuous capillary pathways no longer connect the surface to the bulk ground 

water, and water transport from the top of the drying front toward the surface relies on hydraulic 

connections through unsaturated pores via film flow on the particle surfaces due to 

intermolecular forces [Yiotis et al., 2003; Yiotis et al., 2006] and in acute crevices within the 

matrix [Eijkel et al., 2005]. Gas vapor concentrations in pores containing liquid films remain at 

equilibrium with the liquid water, inhibiting significant vaporization directly from those films at 

depth and allowing capillary flow to transport water closer to the surface where larger vapor 

concentration gradients exist [Yiotis et al., 2004]. Since this water is held more tightly against 

the particle surfaces and in small crevices, the ability to maintain surface vapor concentrations 

near saturation is diminished.  

 

 
Figure 2.2:  Conceptual diagrams of stage 1 (a), the transition period (b), and stage 2 (c). 

Atmospheric demand determines the evaporation rate in stage 1 while the drying front 
(DF) connects the capillary fringe (CF) to the surface where vaporization occurs. As 

the characteristic length (CL) is surpassed, the soil can no longer maintain 100% 
relative humidity at the surface and stage 2 begins. In stage 2, vaporization 

occurs at the top of the film region (FR) and diffusion through the dry 
surface layer (DSL) controls the evaporation rate. 

 

 

When the vapor concentration in the near surface begins to decrease, liquid films near 

the surface are no longer in equilibrium with the pore gas. Therefore, the liquid films begin to 

vaporize in pores at depth rather than at the surface, causing the formation of a dry surface 

layer associated with stage 2 evaporation as seen in Figure 2.2c. A new vaporization plane, 

referred to as the secondary drying front by Shokri et al. (2009), forms at the bottom of the dry 
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surface layer (DSL). This vaporization plane marks the boundary between the dry soil and the 

hydraulically connected soil, and it is where water changes phase before being transported to 

the surface via diffusion dependent on the concentration gradient in the overlaying dry soil and 

the tortuosity of the flow path through the soil matrix.  Due to pore scale heterogeneities, there 

may be isolated areas of moisture in the dry surface layer, which could limit the area available 

for vapor diffusion.  

2.1.2 Effects of Heterogeneity on Evaporation  

Natural soils are rarely homogeneous due to varying accumulation and transformation 

processes as well as anthropomorphic changes. Physical, biological, and chemical processes 

form horizontal and vertical heterogeneities in the soil profile that can differ in porosity, pore 

size, and particle geometry and thermal properties. These discontinuities cause preferential 

pathways for capillary action and vapor diffusion and inconsistent water content distribution 

across the layers. Pillai et al. (2009) modeled various two layered systems and noticed the 

evaporation rate was higher when a finer textured layer overlays a coarser layer due to 

capillary-driven liquid flow, or capillary pumping, from larger pores to smaller pores due to the 

capillary pressure gradient caused by the different pore size distributions. In the reverse case, 

an underlying fine textured layer maintains a water content higher than field capacity until the 

coarse layer is dry, since the fine textured layer with smaller pores holds water more tightly due 

to capillarity [Pillai et al., 2009].  These sharp textural and structural interfaces parallel to the 

evaporative front are easily seen as layered soil horizons in a subsurface profile and are 

particularly prevalent in alluvial soils, but heterogeneities perpendicular to the evaporative front 

are also present in the natural world. Distinct heterogeneous interfaces perpendicular to the 

evaporative surface can occur in those sedimentary soils when the layers are exposed to bulk 

gas phase due to vertical fractures, burrows, riverbanks, or roadcuts [Nachshon et al., 2011]. 

These heterogeneities can also occur perpendicular to the top surface of the soil due to 

anthropomorphic (e.g. agricultural tillage and constructed soils) or natural processes (e.g. 

variable eolian deposition of fine textured soil in sparsely vegetated areas) [Ravi et al., 2007]. 

As the focus of the work presented here is on vertical heterogeneities, this section will 

discuss the evaporative behavior present in these systems, rather than horizontal layering.  

When textural contrasts perpendicular to the evaporating surface are present, the drying front 

takes on a more complex shape and the two adjacent texturally contrasting regions dry at 

different rates as shown in Figure 2.3. Considering a vertical region of fine soil directly adjacent 

and in contact with a vertical region of coarser soil, it is understood that the fine domain holds 

water more tightly in its smaller pore spaces. During the early part of stage 1 evaporation, water 
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evaporates from the fine and coarse domains at the same rate since soil properties do not 

influence the evaporative process (Figure 2.3a). Since the coarse soil has larger pores, the air 

entry pressure and associated capillary fringe is significantly less than that of the fine soil, 

causing it to enter stage 2 evaporation earlier (Figure 2.3b) if the two soils are similarly graded. 

The evaporation rate from the surface of the coarse sand is significantly less than the stage 1 

rate since the soil properties now affect the heat and mass transfer. In a closed system, the 

horizontal liquid flow from the coarse soil into the fine soil is equivalent to the flow of water from 

the fine soil to the atmosphere at the stage 1 evaporation rate [Lehmann and Or, 2009; 

Nachshon et al., 2011].  Capillary pumping into the fine soil delays the recession of its primary 

drying front which sustains stage 1 evaporation longer than in the coarse column and 

contributes to further lowering of the vaporization plane in the coarse domain.  A vertical 

vaporization plane, between saturated and partially saturated fine sand and the coarse soil DSL, 

is formed at the interface between the two regions since the two horizontal drying fronts are 

offset.  Vaporization from this new plane increases the vapor concentration in the dry coarse 

region, further suppressing evaporation from the horizontal vaporization plane in the coarse soil.  

During this time the horizontal vaporization plane continues to lower in the coarse soil while 

remaining at the surface in the fine soil.  The capillary pumping supporting the evaporation in 

the fine sand ends when the distance between the top of the two horizontal primary drying fronts 

becomes great enough for the gravitational head differential to counter the capillary pressure 

gradient driving flow (Figure 2.3c) [Lehmann and Or, 2009]. At this point the fine region’s drying 

front begins to recede, eventually initiating stage 2 evaporation in the fine region such that 

evaporation in the entire soil column is vapor diffusion-limited (Figure 2.3d). When fine and 

coarse vertical columns are interfaced, Lehmann and Or (2009) explain how the air entry 

pressure of the fine domain (
∗
) and characteristic length defining the end of stage 1 

evaporation for the composite system (∆ℎ∗ ) can be calculated as 

 ∗ = −  (2.3) 

 ∆ℎ∗ = ∆ℎ −  (2.4) 

where  and  are the air entry values of the non-interfaced fine and coarse sands, 

respectively, ∆ℎ  is the characteristic length of the fine sand determined from Equation 2.1. 
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Figure 2.3:  The evaporation process in a heterogeneous system comprised of two homogenous 
soils with a vertically interfaced textural contrast after Nachshon et al. (2011) and Trautz (2015). 

(a) Initially, both domains are in stage 1 evaporation. (b) Then the primary drying front in the 
coarse sand exceeds its characteristic length, evaporation through the coarse sand is 
diffusion controlled. A vertical vaporization plane is formed along the vertical interface 
between the dry coarse sand and the saturated and film regions of the fine sand that 

is above the horizontal vaporization plane in the coarse sand. Capillary pumping 
from the coarse sand sustains potential evaporation in the fine column. (c) The 

drying front in the fine sand recedes once the horizontal drying fronts are 
offset to an extent that causes the gravitational forces to negate the 

capillary forces. (d) The primary drying front in the fine sand 
surpasses its characteristic length and enters 

stage 2 evaporation. 
 
 

2.2 Methods of Evaporation Estimation 

 Some of the earliest recorded scientific studies on evaporation are described in Halley 

(1694) where the importance of wind and solar radiation is discussed. Interest in the hydrologic 

cycle and predictions of evaporation from the land surface grew in the 18th century. Fothergill 

(1777) and Dalton (1802) carried out some of the first long term observations of evaporation 

from various natural surfaces [Rodda, 1963]. Dalton, while investigating the water balance of 

England and Wales, monitored the evaporation from both open water and soil and proposed 
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Dalton's Law of Evaporation, which sets the evaporation rate as a function of the difference in 

the vapor pressures dependent on the liquid surface, dew point temperatures, and an empirical 

function of wind speed. Penman (1948) describes two other commonly used methods for 

estimating evaporation, aerodynamic equations and energy balance.  However, these early 

micro-meteorological methods required measurements that are difficult to achieve in many 

cases [Zhao et al., 2013] and they neglected the effects of the soil moisture content on the 

evaporative process.   

 As computing capabilities and understanding increased, models began to consider soil-

water and how it is coupled to soil heat flux [Philip, 1957].  These principles were then 

integrated into atmospheric models, switching the focus from just the atmospheric boundary 

layer to the land-atmosphere interface. Initially, this integration took the form of "bucket models" 

that only consider the bulk moisture content of the top meter of soil and uniform surface 

parameters [e.g. Manabe, 1969]. When the soil moisture is averaged across such a large depth, 

the effects of the drying surface on vapor transport are diluted. Thus, Deardorff (1977) found 

this method to overestimate the evaporation rate by a factor of 1.5 to 5.6 during a seven-day 

period of field measurements [Jackson, 1973]. Models then began to account for these diurnal 

effects by defining a very thin top soil layer (to capture the diurnal effects) above a thick layer (to 

account for gradual changes in soil temperature and moisture over the course of the year 

[Deardorff, 1977; Pan and Mahrt, 1987; Noilhan and Planton, 1989]. Early models coupled the 

soil and the atmosphere through a surface energy budget such that the net radiation was set 

equal to the ground, sensible, and latent heat fluxes, and the transfer of sensible and latent heat 

was approached as diffusive processes. This allowed the potential flux rate to be determined 

from the difference between either temperature or specific humidity, and the actual sensible or 

latent heat flux could be found by applying resistance terms to the potential rate [Sellers et al., 

1997]. Even though the turbulent free flow can now be coupled to the soil fluxes [Mosthaf et al., 

2014; Fetzer et al., 2016], the bulk transfer or potential difference resistance form [Sellers et al., 

1997] is still widely used due to its utility in simplifying complexities near the atmosphere-soil 

interface.  

 The original forms of the bulk transfer formula were based off Dalton’s (1802) 

observations that the evaporation rate is proportional to the differences between the saturated 

vapor pressure at the soil surface determined from the surface temperature and the dew point at 

a certain height above the surface. Due to its simplicity and ability to represent the composite 

effect of components resisting vapor transfer to the atmosphere, the bulk transfer formula has 

become one of the most common ways of calculating the evaporation rate (kg m-2 s-1): 
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 = [ − ] (2.5) 

where  is the air density (kg m-3) determined at a set atmospheric reference height  (m) 

above the surface pertaining to the measurement height of wind speed, relative humidity ( ), 

and air temperature. This height varies among field measurement locations based on vegetation 

height, fetch length, variation of wind velocity, and measurement recording frequency, yet it is 

commonly assumed that the density of air at  (m) and the surface are equal [Kondo et al., 

1990; Lee and Pielke, 1992; Tang and Riley, 2013a]. The aerodynamic resistance  is 

associated with vapor transfer from the ground surface to the atmospheric reference level 

dependent on the thermal stability of the near-surface atmosphere and the wind speed 

measured at ,  is the specific humidity at or near the soil surfacee, and  is the specific 

humidity (-) at . Commonly,  is set equal to its saturated value  determined from the 

easily measured surface temperature. Using  in Equation 2.5 overestimates evaporation 

from drying soil since the humidity at the soil surface decreases from saturation after stage 1 

evaporation. To address this, formulations often consider evaporation as the combination of two 

separate processes (transport of liquid water and water vapor from the soil pores to the surface 

and laminar and turbulent exchanges from the surface to ) using  to link the two processes 

[Kondo et al., 1990; Mahfouf and Noilhan, 1991]. Multiplying either  or [ − ] in 

Equation 2.5 by a surface moisture availability factor attempt to represent the actual specific 

humidity at the surface or reduce the rate by a factor dependent on the diffusion-limited 

transport to the surface. Mahfouf and Noilhan (1991) and Lee and Pielke (1992) give reviews of 

some of these moisture availability factors. Often times the soil moisture availability multiplied by 

 is structured after Kelvins equation as follows [Kondo et al., 1990]: 

 =  (2.6) 

where 

 = − /  (2.7) 

where  is the saturated specific humidity at the temperature ,  is the matric potential (m) 

dependent on a formulation of the relationship between the matric potential and the moisture 

content (i.e. soil water retention curve) as discussed in Appendix B,  is the acceleration due to 

gravity (m s-2),  is the molar mass of water (kg mol-3),  is the universal gas constant (J mol-1 

K-1). Since  is meant to represent the equilibrium relative humidity at the air-water interface, 

the  and  used in Kelvins equation should be referenced at that interface, but they are 
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typically determined at the surface [e.g. van de Griend and Owe, 1994] or from the top soil layer 

in a finite difference model (e.g. CLM and the ACME Land Model (ALM)) since identifying the 

exact location of the interface and the associated  and  values is not practical. As van de 

Griend and Owe (1994) pointed out,  is still about 99% at a temperature of 25°C and matric 

potential of 15 bar or about 150 m. This matric potential normally defines the wilting point for 

plant life and is associated with extremely dry conditions.  

 An additional or alternative method must be applied since the effects of applying Kelvins 

equation to the surface humidity value have minimal effects for the majority of moisture 

conditions are minimal yet significant decreases in evaporation rate can occur when surface 

moisture contents are higher than the wilting point. Therefore, an alternative surface moisture 

availability function, , is commonly multiplied in Equation 2.5 to address the overestimation of 

surface relative humidity and vapor flux [Sakaguchi and Zeng, 2009]. The empirical  function is 

either found by fitting a curve to the ratio between experimentally-measured actual and potential 

evaporations where it is often referred to as the evaporation efficiency [e.g. Deardorff, 1978; Lee 

and Pielke, 1992; Merlin et al., 2011] or by expressing a soil resistance term, , related to the 

water content in a topsoil layer of a specified depth and using the relationship [e.g. Shu Fen, 

1982; Camillo and Gurney, 1986; Kondo et al., 1990; Sellers et al., 1992; van de Griend and 

Owe, 1994; Sakaguchi and Zeng, 2009; Tang and Riley, 2013; Swenson and Lawrence, 2014]: 

 = +  (2.8) 

Lee and Pielke (1992) suggested a  formulation based on the shallow pan experiments 

of Kondo et al. (1990) that remove the dependence on soil texture by using the field capacity, � , as a universal reference value. Field capacity is commonly defined as the soil moisture 

content at which the hydraulic conductivity is 0.1 mm day-1 or when the matric potential is equal 

to 33 kPa or 10 kPa for sandy soils.  

 = { [ − �� ] � < �� �  (2.9) 

This formulation has been used in a number of hydrological models, including CLM4 where it 

replaced the Sellers et al. (1992) resistance formulation. However, its applicability has been 

questioned based on a number of reasons. First, the soil samples used in Kondo et al. (1990) 

do not account for capillary recharge from deeper soil [Tang and Riley, 2013a]. The Kondo et al. 

(1990) data was measured from 2 cm deep evaporation pans packed with loam and sand 
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samples exposed to field conditions. Most laboratory evaporation experiments have depths of at 

least 30 cm [Lehmann et al., 2008; Smits et al., 2011; Assouline et al., 2013; Zhang et al., 

2015]. The ability of the shallow samples to capture diffusive processes through the ever 

thickening DSL is also questionable. Secondly, Lee and Pielke (1992) neglected any 

atmospheric effects on soil evaporative efficiency, whereas multiple studies have shown that  

is affected by the potential evaporation rate [e.g. Kondo et al., 1990; Chanzy and Bruckler, 

1993; Daamen and Simmonds, 1996; Yamanaka et al., 1997; Komatsu, 2003; Merlin et al., 

2011; Teng et al., 2014]. Teng et al. (2014) also showed that  is affected by soil texture. 

Although all authors agree about the dependence of soil evaporative efficiency to atmospheric 

conditions, there is no clear consensus about how best to analytically express .  

2.3 Resistance Parameterization 

 Modeling heat and mass transfer associated with evaporation from bare soil is complex, 

since it involves free flow of air interfaced with two-phase flow in the porous media.  Ideally, 

mathematically coupling the two domains at very high resolutions would be carried out to 

capture the interactions and feedback between these two very different domains. However, the 

ground surface can be very complex due to the presence of litter, plant life, and other structures, 

and universal coupling is not currently effective at larger scales due to computational limitations 

and a lack of data fully capturing the entire system with these added complexities [Tang and 

Riley, 2013a].  Instead, resistance terms that relate to various processes affecting the land-

atmosphere interface are used to simplify the parameterization of the interactions between the 

soil and atmosphere.  These resistance terms relate to various components impeding the 

evaporation process including atmospheric turbulence (due to surface roughness and wind 

speed), vegetation (due to the photosynthetic rate), litter layer (due to its insulating effect on the 

soil surface), and soil (due to vapor flow path tortuosity). The atmospheric resistance term ( ) 

generally depends on wind velocity, relative humidity, and surface roughness, and is commonly 

formulated according to Monin and Obukhov (1954), whereas the soil resistance terms ( ) 

generally relate to the soil moisture availability near the surface which tries to capture the effects 

of a decreasing surface humidity . When considering bare soil,  and  are applied to the 

evaporation rate by multiplying Equation 2.8 into Equation 2.5, giving the evaporation rate from 

drying soil.  

 = + [ − ] (2.10) 
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The use of  when  is set to , avoids overestimation of evaporation from dry soils, which 

can be especially detrimental when a model is applied at the regional or global scale for longer 

time periods [Camillo and Gurney, 1986; Kondo et al., 1990; van de Griend and Owe, 1994]. 

The soil resistance term has taken on many forms with varying degrees of relation to physical 

processes at play. Most formulations have been determined empirically using specific data sets, 

causing uncertainty in their widespread utilization [Bittelli et al., 2008; Merlin et al., 2011; Smits 

et al., 2012; Jefferson and Maxwell, 2015].  

2.3.1 Resistance Formulations Derived from the Ratio of Actual to Potential Evaporation 

Most commonly, the soil resistance is dependent on some degree of empirical 

formulation relating to the soil moisture near the surface. Field or lab measurements of the 

actual evaporation as well as atmospheric conditions needed to calculate the aerodynamic 

resistance and the potential evaporation are used to determine  as the ratio of actual to 

potential evaporation or  using Equations 2.8 and 2.10. The structure of the resistance 

formulation has taken many forms including log linear [e.g. Camillo and Gurney, 1986], 

exponential [e.g. Passerat, 1986; Sellers et al., 1992; van de Griend and Owe, 1994; Kondo and 

Saigusa, 1994], and power functions [e.g. Shu Fen, 1982; Kondo et al., 1990, 1992; Daamen 

and Simmonds, 1996] as shown in Figure 2.4. Most empirical soil resistance formulations attain 

a value of at least 500 s m-1 under dry conditions while some reach values in the several 

thousands [Mahfouf and Noilhan, 1991; Zhou et al., 2006]. The following section describes a 

collection of commonly used empirical  formulations that represent these three mathematical 

forms. The reader is referred to Mahfouf and Noilhan (1991), Lee and Pielke (1992), 

Bastiaanssen (1995), Bittelli et al. (2008), Sakaguchi and Zeng (2009), Merlin et al. (2011), 

Smits et al. (2012), and Tang and Riley (2013a) for more examples and discussion on 

empirically derived soil resistance formulations available. 

Shu Fen (1982) and Camillo and Gurney (1986) used the commonly cited lysimeter 

measurements in loamy soil of Jackson (1973) to formulate empirical soil resistance 

relationships using water content measurements in the top 0.5 cm of soil. The Shu Fen (1982) 

model assumes a neutral atmosphere while field measurements indicate an unstable lower 

atmosphere and a consistently saturated vapor pressure at the soil surface while the surface  

dropped below 100% after the third day [Camillo and Gurney, 1986].  The soil resistance in Shu 

Fen’s model increases non-linearly from 37 s m-1 at full saturation to ~732 s m-1 at 10% 

saturation with � = .  (Figure 2.4) before asymptotically approaching zero saturation: 

 = . (�� ) . + .  (2.11) 
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where �  is the volumetric water content in the top soil layer of thickness ∆  (= 0.5 cm) and � is 

the porosity or saturated volumetric water content. The coefficients used in this formulation are 

empirical constants. Camillo and Gurney (1986) pointed out that the neutral atmosphere and 

saturated vapor pressure assumptions could have adversely affected the estimation of . 

Avoiding those assumptions, Camillo and Gurney (1986) fitted a linear relationship between  

and moisture content to 24 hours of field measurements from the Jackson (1973) experiment 

resulting in:  

 = − + � − �  (2.12) 

Where 805 and 4140 are constants fitted to data from a single day. However, this linear 

formulation produces negative resistances unless forced to 0 when � � − /  (i.e. 

~50% saturation for the � used in their study) which is not physically consistent. Kondo et al. 

(1990, 1992) performed laboratory evaporation experiments on 2 cm thick samples of loam and 

sand and then developed an  relationship dependent not only on the soil moisture and porosity 

but also the diffusivity of water vapor in the atmosphere.  

 = � − �
 (2.13) 

The fitting parameters  and  were found empirically for samples of loam, sand, and fine 

sand with porosities of 0.490, 0.392, and 0.397, respectively [Kondo et al., 1992], �  is 

determined in the top 2 cm of soil, and  is the vapor diffusivity in free air. Using the diffusivity 

associated with vapor transport in free air neglects the effects of tortuosity in the porous media 

(Section 2.5.1). The  formulation for sand sets  and  equal to 8.32 × 105 and 16.6, 

respectively. Other soil values for  and  can be found in Kondo et al. (1992). 

 

 
Figure 2.4:  Commonly used soil resistance models as functions of soil water content for an 

arbitrary sand with � =0.312 
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Sellers et al. (1992) utilized field and Landsat data from a prairie in Kansas, U.S.A. 

primarily consisting of a clay loam soil during the First International Satellite Land Surface 

Climatology Project Field Experiment (FIFE) to fit an exponential functional form of soil 

resistance depending on the measured soil water content in the upper 5 cm (∆ = 5 cm).  This 

term was the first soil resistance term to be implemented into the Community Land Model 

(CLM), the original source code for ALM.   

 = ( . − . �� ) (2.14) 

However, Sakaguchi and Zeng (2009) pointed out two concerns with utilizing this resistance in 

CLM3.5.  The first being the fact that the Sellers et al. (1992) resistance term is about 52 s m-1 

at fully saturated conditions causing the soil resistance, rather than the aerodynamic resistance, 

to dictate the evaporation from wet soil.  Secondly, standing dormant or dead leaves and plant 

litter, which could significantly affect the evaporation, were observed on the FIFE site, 

questioning its applicability to the soil surface (rather than a litter layer) [Sellers et al., 1992].  

Van de Griend and Owe (1994) used a small-scale fast air circulation chamber to derive 

the following soil resistance term for a bare, sandy loam topsoil: 

 = . � � −�  (2.15) 

where 10 (s m-1) represents the resistance to vapor diffusion from a free liquid water surface, 

35.63 is a fitted constant, and �  is the empirical minimum water content above which 

potential evaporation is satisfied (found to be 0.15 in van de Griend and Owe's measurements 

at their field site). For this formulation, the volumetric moisture content is determined at ∆ = 1 

cm. Although the van de Griend and Owe formulation has been used for many different soils in 

multiple evaporation studies, it was developed from field measurements in a specific vineyard in 

Spain with a fine, sandy loam.  This vineyard practiced tilling techniques that maintained a bare, 

particularly loose, and dry topsoil meant to reduce direct evaporation from the intact underlying 

moist layer starting at about 15cm below the surface [van de Griend and Owe, 1994]. This 

specificity of data from which these empirical formulations are derived is a common problem, 

bringing their broad applicability into question. 

There have been a few studies that have tested empirical resistance formulations in 

numerical models to capture the evaporation rate. For example, Bittelli et al. (2008) compared 

detailed field data from a 50 x 100 m2 plot of bare silty clay loam soil with a numerical model that 

fully coupled heat, liquid, and vapor fluxes using the Shu Fen (1982) (i.e. power function), 

Camillo and Gurney (1986) (i.e. linear), and van de Griend and Owe (1994) (i.e. exponential) rs 

formulations. The Shu Fen (1982)  term underestimated stage 1 evaporation while 
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overestimating stage 2. The linear nature of the Camillo and Gurney (1986) term causes the soil 

resistance term to remain much higher than the other two terms in moderately wet soil, causing 

a drastic underestimation of stage 1 water loss. The van de Griend and Owe (1994) most 

closely fit the measured stage 1 and stage 2 evaporation out of the three formulations tested.   

In another study, Reichman et al. (2013) found that utilizing the van de Griend and Owe (1994) 

formulation allowed more accurate modeling of vapor fluxes associated with pesticide 

volatilization as compared to using the Deardorff (1978) formulation. The van de Griend and 

Owe (1994) formulation has also been used in Saito and Šimůnek (2009), Zeng et al. (2011a,b), 

Smits et al. (2011,2012), Banimahd and Zand-Parsa (2013), Kroener et al. (2014), and Francés 

(2015).  

To test the validity of empirically determined  terms, Tang and Riley (2013a) fitted two 

different exponential functional forms [i.e. Sellers et al., 1992; Kondo and Saigusa, 1994] to lab 

data from Kondo and Saigusa (1994) for a loam soil. They used the measured evaporation to 

back calculate the  and then the  assuming an  of 50 s m-1. The  values calculated using 

the two different exponential forms were noticeably different. Incorporating a 5% error into the 

measured values and using different numbers and ranges of data points both had significant 

impacts on the empirical  values. This demonstrated the importance of using accurate 

measurements when analyzing different formulations and the high probability that many 

empirical formulations are highly effected by the data used to calculate them. 

Accurate and focused data is necessary to validate models and formulate empirical 

relationships. Large-scale field data sets from remote sensing, micrometeorological towers, and 

dispersed sampling (e.g. the Jackson (1973) dataset used by Shu Fen (1982) and Camillo and 

Gurney (1986) and the FIFE dataset used by Sellers et al. (1992)) are advantageous in that 

they represent the complexities present in the natural world. However, the resolution at which 

the data is collected is not ideal for gaining insight into the physical processes occurring in the 

soil due to atmospheric and soil heterogeneities, making it difficult to test the effects of a certain 

process or set of conditions. Lab experiments under controlled atmospheric and soil conditions 

can help decrease uncertainties related to variability of field conditions, allowing us to focus on 

the physical processes involved. To determine the soil resistance, some laboratory evaporation 

studies have previously been conducted in evaporation pans with soil thicknesses of 10 cm or 

less [e.g. Kondo et al., 1990; Kondo and Saigusa, 1994]. Since soil characteristic lengths often 

exceed these thicknesses, these experiments do not fully capture the surface moisture recharge 

from the deeper groundwater. Thus, their relation to typical soil profiles is questionable 

[Lehmann et al., 2008; Shokri et al., 2009]. Environmental circulation chambers, such as the 
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one used in van de Griend and Owe (1994), have been deemed one of the best methods to 

measure atmospheric and soil properties associated with evaporation [Cui et al., 2013; Song et 

al., 2014]. Circulation chambers typically enclose an area of field soil such that the atmospheric 

temperature and humidity can be closely monitored while the wind speed is controlled (see 

review in Song et al. (2014)). Compared to the empirical resistance parameterizations 

determined with atmospheric data from micrometeorological instruments and remote sensing 

[e.g. Sellers et al., 1992; Yamanaka and Yonetani, 1999] van de Griend and Owe’s use of a 

circulation chamber controlling the atmospheric conditions may have reduced error in their 

resistance formulation [Tang and Riley, 2013a].  Because of its widespread use and goodness 

of fit for multiple studies, the van de Griend and Owe (1994) formulation will be used as the 

empirical alternative in the coming comparisons.  

 All of these soil resistance terms were empirically determined with data from fairly 

unique conditions, meaning the formulations may not be able to adequately capture the 

evaporation process for a wide variety of soils. The aforementioned empirical resistance 

equations are very sensitive to (1) the quantity and quality of measurements, (2) the 

formulations of  and potential evaporation rate used to calculate the empirical  values as well 

as (3)  the structure of the soil resistance equation used as shown in Tang and Riley (2013a). 

Ideally, the structure of these resistance parameters would rely primarily on physical processes 

rather than purely empirical relationships specific to certain soil and/or site conditions relating 

the evaporation rate to the soil moisture near the surface. 

2.3.2 Resistance formulations that include diffusion through the dry surface layer  

The preceding resistance formulations are dependent on the soil water content in a top 

soil layer (e.g. top 1 cm for van de Griend and Owe (1994) and top 5 cm for Sellers et al. 

(1992)) that is meant to represent the dry soil region that forms near the surface.  However, this 

is only a simplification of the drying process occurring. Once stage 2 evaporation begins, the 

vaporization front forms at the interface between the film region and the DSL. The depth of the 

DSL continuously recedes deeper into the soil as evaporation continues, which increases the 

significance of diffusive transport and decreases the evaporative efficiency, . In the field the 

DSL is usually only a few centimeters thick due to diurnal effects [van de Griend and Owe, 

1994; Goss and Madliger, 2007]. A number of researchers have developed resistance 

formulations that consider Fickian diffusion across the DSL in an attempt to remove reliance on 

empirical relationships and formulate resistance from a physical basis, 3 of which will be 

discussed here based on their uniqueness or utilization LSMs. The general structure of DSL-

based  formulations is as follows: 
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 = � � (2.16) 

where  is the measured depth to the vaporization plane (i.e. dry surface layer)  (m),  is the 

diffusivity of water vapor in free air (m2 s-1) (Equation 2.29), �  is the air-filled porosity (-), and � 
is the tortuosity factor (-). The tortuosity factor multiplied by the air-filled porosity is equivalent to 

the ratio between the vapor diffusivity through soil as opposed to free air and relates to the 

additional length vapor must travel through the meandering nature of the pore space that is 

exacerbated by the presence of pore water. Through direct measurements of the DSL 

thickness, Yamanaka et al. (1997) removed reliance on soil type specific empirical relationships 

between the soil resistance and the soil's water content at a defined depth below the surface. 

Although physically based and independent of empirical dependencies besides those already 

involved in defining the vapor diffusivity, this parameterization is limited in its practicality for use 

other than lab experiments since measuring the thickness of the DSL in the field would be very 

difficult. Sakaguchi and Zeng (2009), also assumed that vapor transport through the soil is 

controlled by Fickian diffusion. However, instead of relying on a measured DSL thickness, they 

fitted  to the Kondo et al. (1990) data sets to determine  as a function of the topsoil water 

content [Kondo et al., 1990] to derive the DSL thickness as: 

 = ∆ [ − � �⁄ ]−  
(2.17) 

where ∆  is the top soil layer thickness given as 1.75 cm in CLM which was used to compare to 

the performance of the Lee and Pielke (1992)  formulation,  (= 5) is used to mimic the 

exponential shape of exponential findings, and  is a fitting constant equal to 2.718. They found 

that this resistance term was comparable to the Lee and Pielke (1992) evaporation efficiency 

and the Sellers et al. (1992) resistance used in CLM3.5. Even though the Sakaguchi and Zeng 

(2009) term fails to provide any significant improvement to evaporation efficiency, it offers an 

empirical way to determine the depth of the vaporization plane from the soil moisture content.  

 Swenson and Lawrence (2014) presented a similar resistance formation to Sakaguchi 

and Zeng (2009) as an alternative to the Lee and Pielke (1992) evaporative efficiency term used 

in CLM.  They formulated the thickness of the dry surface layer as: 

 = {∆ � − �� − � � < �� �  (2.18) 

where ∆  is the length scale of the maximum DSL thickness set to 0.015 m determined from the 

range of observed maximum DSL thicknesses given in van de Griend and Owe (1994), Goss 
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and Madliger (2007), and Smits et al. (2012), �  is the moisture content of the 1.75 cm thick 

top soil layer in CLM when hydraulic connectivity between the bulk groundwater and the surface 

is lost, and �  is the air dry soil moisture value calculated from the retention function at matric 

potential of 104 m according to Dingman (2002). In Swenson and Lawrence (2014), � =. �, where the 0.8 was used to calibrate the model to GRACE terrestrial water storage. This 

formulation was tested in CLM with a top soil layer thickness of 1.75 cm. The effect of that layer 

thickness on this resistance formulation has not yet been tested with a hydrological model. 

Methods that rely on the thickness of the DSL cause soil resistance to equal zero as 

long as hydraulic connectivity to the surface is maintained (i.e. prior to DSL formation), 

assuming liquid flow through the soil is able to sustain the potential evaporation rate up until the 

film region recedes below the soil surface. As discussed in Section 2.1, hydraulic connection 

can still occur through a film region above the drying front, but the hydraulic conductivity due to 

film flow is typically less than capillary flow through saturated pores. This decreased surface 

recharge due to increased reliance on film flow in the transition from stage 1 to stage 2 (Figure 

2.2b) may cause suppressed evaporation prior to the formation of a DSL, which these 

resistance formulations would fail to capture. The effects of the film region would be of greater 

concern for fine textured soils, unlike the sands used in this work, since larger surface area to 

volume ratios lead to increased adsorption to particle faces. 

2.3.3 Resistance formulation including both soil hydraulic and vapor properties  

Tang and Riley (2013a) suggest the need for a resistance parameterization that relies on 

soil hydraulic and water vapor properties to determine the soil resistance without empirical 

calculation from site-specific measured evaporation and aerodynamic resistance. This 

resistance should also capture the different stages of evaporation (i.e. stage 1 and 2) by 

considering resistance due to both gas and liquid flows (i.e. both film and capillary) as opposed 

to just considering vapor transport through the DSL [e.g. Kondo et al., 1990, Yamanaka et al., 

1997; Sakaguchi and Zeng, 2009; Swenson and Lawrence, 2014]. To capture nonisothermal 

liquid and vapor transport, Tang and Riley (2013a) suggest using a SWRC relationship that 

applies to the entire range of moisture contents as opposed to the commonly used Brooks and 

Corey (1964) and van Genuchten (1980) models which fail to capture the relationship between 

matric potential and water content in very dry soil as is discussed in Appendix B. 

 In the Tang and Riley (2013a) formulation, the soil resistance term is the combination of 

the resistance due to vapor diffusion and liquid flow resulting in: (referred to as “TR13” 

throughout) 
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 = ∆� + � �  (2.19) 

where ∆  is the thickness of the top soil layer (e.g. 1.75cm for CLM4.5 used in Tang and Riley 

(2013a,b)). The Bunsen solubility coefficient, , is the ratio of the liquid water density to the 

vapor density at the center of the top soil layer.  The bulk aqueous phase diffusivity, , is 

described as: 

 = ,� = �   (2.20) 

where , the hydraulic conductivity as a function of water content, is multiplied by the gradient 

of the soil water retention curve at the center of the top soil layer. As understood from Equation 

2.19, the TR13  does not reach zero, even at full water saturation, signifying the possible 

presence of some small soil resistance due to liquid flow. As mentioned above, Sakaguchi and 

Zeng (2009) postulated the soil resistance only applies to dry soil as long as the bulk 

groundwater remains hydraulically connected to the surface. However, as mentioned previously, 

the transition from adequate capillary connection to the surface through the drying front to the 

formation of a DSL (i.e. diffusion-controlled evaporation) is not an instantaneous process. As 

capillary pathways are disrupted, film flow pathways begin to play a larger role in surface 

recharge. Although, the hydraulic connection is still intact, the film flow pathways have lower 

conductivity than saturated capillaries. If the film flow is not able to sufficiently recharge the 

surface, the vapor concentration as well as the evaporation rate will begin to decrease. The 

inclusion of resistance due to water flow in the Tang and Riley (2013) formulation attempts to 

capture this period of decreasing evaporation that is still primarily dependent on liquid flow to 

the surface. Although  does not reach zero at saturation, its value is negligibly small. The term 

representing diffusion in the denominator of Equation 2.19 is zero at saturation, but the slope of 

the SWRC used in Equation 2.20 is nearly infinite (depending on how it is implemented into a 

modeling scheme to allow convergence) at saturation causing Equation 2.19 to produce very 

small  values. The question is whether the initialization of  with decreasing water content 

properly correlates to observable decreases in evaporation rate. 

Tang and Riley (2013a) assume the flux from the soil surface to height  above the 

surface is equal to the sum of the liquid and vapor fluxes from the center of the topsoil layer 

(∆ ⁄  below the surface) to the soil surface, neglecting any moisture accumulation that may 

occur near the soil surface. With these assumptions in mind, Tang and Riley used the matric 

potential and temperature at the center of the top soil layer in Equations 2.6 and 2.7 to 
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determine the specific humidity at that depth, which then replaces  in Equation 2.10. The 

vapor concentration gradients between the top soil layer and the surface and from the surface to 

the reference height are assumed to be linear in order for this relationship to be implemented.  

Based on experimental measurements (e.g. Hanks et al., 1967; Goss and Madliger, 2007) and 

modeling results (e.g. Grifoll et al., 2005; Novak, 2010), Tang and Riley (2013a) suggest the 

linear gradient approximation should only be applied to approximately the top 5cm of soil 

(1.75cm thick in CLM4.5). Tang and Riley (2013a) showed that this thickness affected the 

magnitudes of  and  as functions of soil water content. However, the sensitivity of predicted 

evaporation to top soil layer thickness was not tested.  

Using soil resistance values empirically derived for the four soils given in the measured 

data from Sellers et al. (1992), van de Griend and Owe (1994), and Kondo and Saigusa (1994), 

Tang and Riley (2013a) evaluated their new resistance formulation against the Lee and Pielke 

(1992)  formulation and the semi-empirical  formulation considering the DSL thickness 

presented in Sakaguchi and Zeng (2009). When compared with the TR13 formulation, the 

Sakaguchi and Zeng (2009) approach consistently predicted a shorter duration of stage 1 

evaporation, potentially causing underestimations of water loss. The Lee and Pielke (1992) 

formulation is not able to properly express situations where an exceptionally high atmospheric 

demand cause stage 1 evaporation to be very short or even non-existent, causing it to 

overestimate evaporation compared to TR13 in those situations. However, when the Lee and 

Pielke (1992)  formulation was replaced with TR13 in CLM4, TR13 failed to resolve the 

overestimation of evaporation leading to higher evapotranspiration from bare soil compared to 

vegetated land under the same atmospheric conditions [Tang and Riley, 2013b].  

2.4 Aerodynamic resistance formulations 

Although the focus of this work is on the soil resistance formulation, the aerodynamic 

resistance must be considered since it determines the stage 1 evaporation and the analysis of 

soil resistance and evaporation efficiency parameterizations relies on proper formulation of the 

aerodynamic resistance. In order to robustly analyze and compare different soil resistance 

formulations, an aerodynamic resistance formulation that accurately captures the potential 

evaporation rate of the experimental data should be used. Therefore some of the following 

formulations will be validated against the measured data in Chapter 4. 

 Most often the aerodynamic resistance term is first determined assuming a logarithmic 

wind profile and applying the Monin-Obukhov Similarity Theory [Monin and Obukhov, 1954] as 

seen in Webb (1970), van de Griend and Owe (1994), Yamanaka et al. (1997), and Smits et al. 

(2012): 
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 = [ln ( − ) + Ψ ]∗  
(2.21) 

 
∗ = [ln ( − ) + Ψ ] (2.22) 

where  is the atmospheric reference height, the zero-plane displacement height  (m) is set 

equal to zero for bare soils [Garratt and Hicks, 1973],  and  are the roughness heights 

associated with vapor and momentum transport, and Ψ  and Ψ  are stability functions, and ∗ is 

the friction velocity as a function of measured wind speed (m s-1), .  

The roughness height ( ) for momentum transfer for used for bare soil has not been 

consistent (i.e. 0.001 m in Garratt and Hicks, (1973), Manfouf and Noilhan (1991), van de 

Griend and Owe (1994), and Smits et al. (2012); 0.005 m in Liu et al. (2007) and Merlin et al. 

(2011); and 0.01 m in Bittelli et al. (2008) and Oleson et al. (2013)). A review of empirical  

values for different surface types was given in Hansen (1993). Values for surfaces similar to 

bare soil are given in Table 2.1. Although some studies [i.e. van de Griend and Owe, 1994; 

Smits et al., 2012] set  equal to  to simplify the calculation,  is generally less than  

[Brutsaert, 1975], approximated by Campbell and Norman (1998) as being about one-fifth of 

.  

 
Table 2.1:  A summary of momentum roughness length values for surface types similar 

to bare soil as given in Hansen (1993) 

Surface Type 
Momentum Roughness 

Length  (m) 

Ice 0.00001 

Smooth mud flats 0.00001 

Dry lake bed 0.003 

Snow cover 0.01 

Smooth desert 0.03 

Flat desert 0.05 

 
Generally, unstable conditions are present when the soil surface temperature is less 

than the air temperatures measured at  since warm air at the surface is buoyant, causing 

higher vapor conductance (i.e. lower resistance) to the atmosphere. The stability of the lower 

atmosphere is normally quantified using the Monin-Obukhov stability length � (m). 

 � = ∗
 

(2.23) 
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The heat flux  (W m-2) between the surface and  relies on the aerodynamic resistance term 

causing a circular reference: 

 = −
 

(2.24) 

where  is the volumetric heat capacity of air (~1200 J m-3 K-1),  is the soil temperature (K), 

 is the measured temperature (K) at , and  is the von Karman constant (=0.4). Due to the 

circular reference in this process, the  is solved iteratively. The stability parameter � is then 

calculated to determine the degree of stability and the stability functions.  

 � = −�  
(2.25) 

For stable conditions, as are present in the wind tunnel experiments of this work, the stability 

functions, Ψ  and Ψ , are often set equal to the product of the stability parameter, �, and a 

constant, which has been set as either 4.7 or 5 [Webb, 1970; van de Griend and Owe, 1994; 

Villagarcia et al., 2007; Bittelli et al., 2008; Sharan and Kumar, 2008; Haghighi and Or, 2015]. 

Alternatively, Campbell and Norman (1998) determined the stability functions as:  

 Ψ = Ψ = ln +  �) (2.25) 

Although the use of Monin-Obukhov similarity theory is most common, alternate 

formulations capturing atmospheric stability and the diffusive and advective processes are 

available. Choudhury et al. (1986) and Merlin et al. (2011) utilized the Richardson number  to 

avoid this iterative approach while still taking stability into account. 

 = [ln ( − )]+  
(2.26) 

 = −
 (2.27) 

Additionally, Haghighi and Or (2015) presented an aerodynamic resistance that combines the 

Monin-Obukhov similarity theory based resistance term described above with a formulation to 

consider diffusion through the viscous sublayer at the surface. However, this method is only 

applicable to stage 1 evaporation.  

2.5 Factors Affecting the Soil Resistance Term 

The evaporation rate from the soil surface is regulated by ease in which both liquid water 

and water vapor move to the surface and the transport and distribution of heat within the soil 

and atmosphere. Therefore, the parameterization of the liquid water and water vapor transport 

directly influences evaporation. The hydraulic conductivity, vapor diffusivity in the porous media, 

thermal conductivity, tortuosity, and matric potential are some of the properties that dictate liquid 
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water and water vapor flow. The localized soil moisture content relates to all of these processes. 

For example, as the volumetric water content increases, the hydraulic conductivity increases 

due to connectivity of the liquid water through the soil pores, and the vapor diffusivity decreases 

due to water filled pores increasing the tortuosity of the path the vapor must take to reach the 

surface. The thermal conductivity increases with greater water content since liquid water is more 

conductive than gas. Lastly, the matric potential decreases in magnitude due to thicker films on 

particle surfaces and larger menisci radii in the pore space under more saturated conditions. 

The parameterizations of the matric potential as a function of water content and vapor diffusivity 

in soil as a function of water content will be focused on in this project due to their direct 

incorporation into certain  formulations. Many parameterizations of relationship between matric 

potential and water content (i.e. SWRC) have been developed, normally also corresponding to a 

description of the hydraulic conductivity as a function of water content or matric potential [e.g. 

Brooks and Corey, 1964; van Genuchten, 1980; Kosugi, 1999]. Likewise, many diffusivity 

models have been developed since the founding work of Buckingham (1904) (e.g. Table 1 in 

Moldrup et al., 2013). The Tang and Riley (2013a) and Swenson and Lawrence (2014)  

formulations explicitly relies on the vapor diffusivity in the top soil layer so the parameterization 

of this constitutive relationship may have significant effects on evaporation modeling. Changing 

the thickness of the top soil layer affects the representative depth that the needed soil properties 

are called upon affects their values (i.e. deeper soil will have higher volumetric moisture content 

values).  Testing the sensitivity of different soil resistance formulations to the specific diffusivity 

(Section 2.5.1) terms used as well as the specified thickness of the top soil layer (Section 2.5.2) 

in addition to comparing the results to high-resolution measured data will offer a better 

understanding of how these fundamental formulations propagate through a transport model. 

2.5.1 Diffusivity of Water Vapor through Porous Media 

Several advective and diffusive processes can drive mass transfer of water vapor 

through porous media. Some of these processes include:  thermal diffusion and molecular 

diffusion (i.e. random Brownian motion) [see references in Yamanaka, 1997] and advective 

transfer due to variations in temperature and pressure within the soil and in the turbulent free 

flow layer directly above the surface [Ishihara et al., 1992]. This process only occurs near the 

surface and most material properties hold some degree of dependence on temperature. 

Therefore, temperature gradients near the atmosphere-soil interface consequently enhance 

gradients in air pressure and equilibrium vapor density [e.g Huinink et al., 2002] within the pore 

space causing more or less evaporation depending on the gradient direction [Assouline et al., 

2013]. Thermal gradients could double the vapor diffusion rate [e.g. Bachmann et al., 2001; 
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Shahraeeni et al., 2012]. These temperature effects are captured in the temperature dependent 

material properties incorporated into the models and Kelvins equation (Equation 2.7) and in the 

multiphase modeling schemes (e.g. Section 3.3).  and, subsequently,  are directly dependent 

on the wind speed and thermal stability of the atmosphere since transverse air movement 

across the soil surface lowers the vapor density in the overlying air and thermal buoyancy can 

cause upward advection, enhancing the vapor concentration gradient from the soil to the air. 

Molecular diffusion is driven by a concentration gradient either towards or away from the 

atmosphere-soil interface, causing evaporation or condensation, respectively. This Fickian 

diffusion is the primary driver of water transport to the surface during stage 2 at which point the 

soil water connectivity to the surface is disconnected. 

Fick’s first law can be used to describe diffusive flux, q (kg m-2 s-1): 

 = −  (2.28) 

where  (m
2 s-1) is the coefficient of diffusion, or diffusivity, for component  (i.e. water vapor) 

diffusing through component  (i.e. air) and ∇C is the spatial concentration gradient. When 

applying Equation 2.28 to soil evaporation, we are interested in water vapor diffuses through air, 

and the water vapor concentration, or vapor density, in the gas phase defines the gradient.  The 

diffusivity of water vapor in free air (m2 s-1) is a function of system temperature and can be 

calculated as was presented in Campbell (1985), where T is temperature in Kelvin.  = . − ( . )  (2.29) 

However, the diffusion rate of water vapor through soil is less than in free air since the solid soil 

particles limit available airspace and create a tortuous path from the air-water interface with soil 

pores to the surface. Papendick and Runkles (1965) measured lower diffusivities at the same 

volumetric air content values in wetter soils. This is likely due to the more constricting 

configuration of air-filled pores caused by pore water, increasing tortuosity [Moldrup et al., 

2000a]. Since measuring the diffusivity in soil is both time and labor intensive [Dane and Topp, 

2002], a function defining the ratio between the vapor diffusion in soil, , and  is necessary.  

The ratio between  and  is determined by multiplying the volumetric air content � 
(i.e. air-filled porosity) by a tortuosity factor � that has taken many functional forms. Many 

models describing /  are solely dependent on the air-filled porosity [e.g. Buckingham, 1904; 

Penman, 1940; Millington, 1959; Marshall, 1959], but others have also integrated the porosity in 

the formulation [Millington and Quirk, 1960, 1961; Moldrup et al., 2000a,b, 2004; Deepagoda et 

al., 2011]. Buckingham (1904) presented the first developments in how to determine the relative 

diffusion rate in soil based on the air-filled porosity after conducting experiments using dry soil. 
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The Penman (1940) term sets the ratio simply as a linear function of air-filled pore space and 

has been the most widely used of the single parameter models [Moldrup et al., 2000a]. Most 

contemporary models are functions of both air filled porosity (�  and porosity (�) of the soil to 

capture soil textural and wetness effects. Millington and Quirk (1961) is one of the most 

commonly referenced models taking into account both � and � [e.g. Nachshon et al., 2011; 

Assouline et al., 2013; Davarzani et al., 2014]. With the goal of finding an accurate and 

conceptually based diffusivity model specifically for repacked soil, Moldrup et al. (2000b) 

compared the Penman (1940), Marshall (1959), and Millington (1959) models and found the 

Marshall (1959) model to best fit dry diffusivity values of multiple soils. Therefore, a water-

induced linear reduction (WLR) was applied to the Marshall (1959) diffusivity equal to the ratio 

between volumetric air content and porosity to adapt to the decrease in diffusivity in wet soils 

compared to dry soils with the same air content. This model successfully defined the diffusivity 

for 11 lab soil samples with clay contents ranging from 6-54%, but Moldrup et al. (2000b) 

cautions against the model's use on undisturbed samples because of the differences in pore 

structure between lab and field soils. Moldrup et al. (2013) then augmented the WRL model by 

including a factor to consider whether the soil is undisturbed or artificially packed allowing 

application to any soil. This model performed well when compared to 301 different samples from 

literature. There are more conceptually intricate formulations that incorporate pore size 

distribution models, but they also require many empirical constants that are difficult to determine 

without first conducting diffusivity measurements for the specific soil being modeled [Moldrup et 

al., 2000a].  Therefore, most models utilize some variation of the general form described in 

Moldrup et al. (2013) as: 

 = �� = � [��]  (2.30) 

where , , and  are parameters specific to different tortuosity models. This avoids reliance 

on specific experimental measurements that would prove difficult to carry out in many situations. 

In the current study, the modeled evaporation as well as different soil resistance terms are 

tested for sensitivity to five diffusivity models shown in Table 2.2 (adapted from Moldrup et al. 

(2013)).  Buckingham (1904), Penman (1940), and Millington and Quirk (1961) were chosen 

based on their wide utilization in literature, while Moldrup et al. (2000b) and Moldrup et al. 

(2013) were chosen based on their applicability to repacked soils. Figure 2.5 shows how these 

formulations differ as functions of air content. 
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Table 2.2:  Parameter values for the five tortuosity models tested 

Model    

Buckingham (1904) 1 2 0 

Penman (1940) 2/3 1 0 

Millington and Quirk (1961) 1 4/3 2 

WLR-Marshall (Moldrup 2000) 1 3/2 1 

SWLR [Moldrup et al., 2013] 1 1+ � 1 
 

 
Figure 2.5:  /  as a function of air content for an arbitrary soil with � = .  for the five 

models listed in Table 2.2 
 

2.5.2 Thickness of the Top Soil Layer 

 Most soil resistance formulations incorporate the soil water content near the surface (i.e. 

usually within a few centimeters from the soil-atmosphere interface). As shown in Table 2.3, the 

thickness of this specified layer at the top of the soil profile varies from 0.5 to 10 cm, depending 

on the study. Since most empirical resistance formulations were calibrated to a specific top soil 

layer thickness, they’re widespread utilization with remote sensing data is limited [Merlin et al., 

2011]. Tang and Riley (2013a) revealed noticeable effects of the top soil layer thickness on their 

evaporation efficiency and resistance formulations as functions of water content, but they 

deemed this difference relatively small compared to the uncertainty associated with measured 

experimental data and the use of different SWRCs. However, it is important to note that this 

analysis was only analytical and was not carried out using a numerical model where the effects 

on modeled evaporation rate could be analyzed. The different resistance and efficiency terms 

were only solved for analytically using constant aerodynamic resistance terms, such that any 

compounding effects on simulation outputs have not been tested. In finite difference models 
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such as CLM and ALM, a single set of state variables represent the top soil layer, and those 

variables are specified at a certain depth within each layer (i.e. at the layer node) for the 

purposes of determining gradients between layers. The layer thicknesses are generally kept 

consistent across grid cells. A thicker top layer will increase the depth of the node at which that 

layer’s conditions are defined, causing the matric potential and hence evaporation rate to be 

lower over time. Although this method cannot be fully replicated using a finite element model, an 

analogous comparison can be carried out based on changing the depth at which soil variables 

needed to determine the soil resistance term are called upon. Referencing soil properties at 

greater depths in the soil will have a similar effect on the matric potential to increasing the top 

soil layer in finite difference models. 

 
Table 2.3:  Examples of top soil layer thicknesses where soil conditions are 

referenced to determine evaporative efficiency 

Studies or Models 
Top soil 

layer depth 

Jackson (1973) data used in Shu Fen (1982) and Camillo and Gurney (1986) 0 – 0.5 

Kondo et al. (1990), Lee and Pielke (1992), Sakaguchi and Zeng (2009) 0 – 2 

van de Griend and Owe (1994) 0 – 1 

Sellers et al. (1992) 0 – 5 

Komatsu (2003) 1 – 3 

Kondo and Saigusa (1994) 0 – 10 

Default CLM 0 – 1.75 

 
2.6 Numerical Modeling 

 This study will utilize a fine resolution model to evaluate the soil resistance formulations 

and more importantly, the importance of incorporating physical processes into conventional 

modeling efforts. For the fine scale modeling, a two dimensional non-equilibrium, non-isothermal 

multiphase model that considers non-equilibrium phase change will be used.  The model was 

previously developed by Smits et al. (2011) and Smits et al. (2012) and modified for the work 

here. Additionally, initial steps were taken to be able to utilize a modified version of ALM, which 

was originally developed from CLM4.5 [Oleson et al., 2013], to represent the laboratory 

experiments as discussed in the appendix. ALM is a single-phase (Richard’s equation based) 

model that does not take temperature effects on soil hydrology into account (i.e. hydraulically 

isotheral). This model is normally used for large scale global climate simulations, but is applied 

to the small scale laboratory data set in order to promote future work linking the two scales. 

Both models are adapted to the same sets of high spatial and temporal resolution data 

experimental data introduced in Section 3.1 and 3.2.  Acknowledging that these two models 
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were created with contrasting applicable scales in mind, it is important to note that there is no 

attempt to compare the effectiveness of the two against each other. The fine scale model will be 

described in detail in Section 3.3 and the progress made with ALM is outlined in Appendix A.  

2.6.1 Fine Scale Multiphase Model  

 The fine scale model used in this work was first developed in Smits et al. (2011). It is a 

non-equilibrium, nonisothermal, multiphase flow model built utilizing the Earth Science Module 

in COMSOL Multiphysics. Four coupled and transient components make up the model structure:  

Darcy's law applied to both the liquid and gas phases, heat transfer including conduction and 

convection, and solute transport through variably saturated porous media including diffusive and 

advective processes.  A technical description of this model is provided in Section 3.3. This 

model will be used to compare multiple soil resistance terms, explore modifications to some of 

those soil resistance terms, investigate the effects of the diffusivity formulation and depth at 

which soil state variables are determined, and to study the potential for a more simplistic 

method of capturing the overall evaporative flux from a heterogeneous domain. 

2.7 Research Questions 

The preceding literature review provided a basis for developing research questions and 

hypotheses related to the overall research goals.  

 

Research question 1: How well do soil resistance formulations with less reliance on empirical 

relationships capture the evaporative flux from the soil surface, and how can we test these 

formulations against laboratory and modeling datasets? 

As discussed in the introduction, the parameterization of the soil resistance is partially 

responsible for introducing error in the mass and energy exchange calculations at the land-

atmosphere interface. By investigating the formulation of the resistance term and its 

components both individually and collectively, using experimental and numerical platforms, we 

can better understand how to properly include mass and energy transport processes into 

modeling efforts. Hypotheses: Soil resistance parameterizations developed from soil and fluid 

transport properties can effectively capture the decreasing surface moisture availability 

associated with a decreasing evaporation rate in a drying soil. 

 

Research question 2: How can the mass and energy exchange processes in soil and at the 

land-atmosphere interface influenced by heterogeneities be properly represented in soil 

resistance parameterizations?  
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Errors resulting from homogenization of soils are known qualitatively. However, how to 

include them in soil resistance parameterizations or even the need to include them has not been 

extensively investigated. By not addressing heterogeneities and lateral flows, soil water 

hydraulic and thermal properties cannot be properly assigned, thus leading to errors in model 

predictions of soil moisture and evaporation rate. The extent to which heterogeneity affects the 

optimized values of soil hydraulic properties and the interpretation of model predicted moisture 

patterns requires detailed investigation.  

Hypothesis: Heterogeneities in soil properties can be represented with soil resistance 

parameters that incorporate key physical understanding that allow for systematic 

characterization of their impact on surface and vadose zone moisture transport. 

2.8 Objectives 

 The primary objective of this work is to test modeling approaches for soil resistance by 

applying them to simulations from the fine scale multiphase flow model under homogeneous 

and heterogeneous conditions to determine how methods that empirically and mechanistically 

represent mass and energy exchange processes within the soil relate to observable processes 

and modeled results. To explore this, four different resistance parameterizations [i.e. van de 

Griend and Owe, 1994; Lee and Pielke, 1992; Tang and Riley, 2013; Swenson and Lawrence, 

2014] will first be applied to output from the fine scale model validated against wind tunnel 

evaporation experiments as discussed in Chapter 3. The model considers spatial variability of 

soil conditions (both lateral and vertical), and the complex flow and transport processes are 

studied in detail at very fine resolution. Modeling lab scale data sets (both homogeneous and 

with distinct vertical heterogeneities) will allow a comparison of commonly used resistance 

formulations to newer, more physically based terms.  

Although the Tang and Riley (2013a) formulation was not determined empirically, it still 

relies on empirical relationships defining the vapor diffusivity, hydraulic conductivity, and soil 

water retention curve. Formulations of these attributes vary and there is no consensus on the 

most effective alternatives. A comprehensive analysis of how different diffusivity formulations 

affect the resistance parameter and the corresponding evaporative fluxes in a more robust 

model will provide insight into the resistance term’s sensitivity to these relationships. Next, many 

soil resistance formulations rely on soil moisture characteristics in the top layer of soil. However, 

the thickness of this top soil layer is normally based on the depth from which water content is 

measured in empirical studies, or it relates to the thickness of the top soil later in a large scale 

finite difference land surface model. The sensitivity to this thickness of fluxes determined with 

the Tang and Riley (2013a) and Swenson and Lawrence (2014) formulations are tested more 
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rigorously since neither formulation designates a specific depth to use. Lastly, work was begun 

to modify the land surface component of the Accelerated Climate Modeling for Energy (ACME) 

project (ALM) [Bader et al., 2014] to represent the experimental setup for future work 

incorporating improvements into the large scale model (Appendix A). 
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CHAPTER 3 

MATERIALS, METHODS, AND NUMERICAL MODEL DEVELOPMENT 

 

Tang and Riley (2013a) presented a soil resistance term that takes into account liquid 

and vapor transport to the soil surface, and Swenson and Lawrence (2014) have utilized the 

thickness of the dry soil layer and the diffusion coefficient to formulate the resistance. Both of 

these resistances have been tested in a global scale, single-phase, and one-dimensional LSM 

(CLM4), and the Swenson and Lawrence (2014) resistance is being incorporated into CLM5. 

Neither of these soil resistance terms have been tested in a more complex model that can 

capture lateral flow due to heterogeneities in the soil profile or a fine scale experimental dataset. 

Tang and Riley (2013a) express the need to test the strength of their formulation in a "more 

complete multi-phase numerical modeling of soil water and heat transport" with a "more 

comprehensive observational dataset". They assert that this dataset should contain a 

continuous time series of soil moisture and vapor content in the topsoil, water flux from the 

surface, atmospheric resistance, and the relative magnitudes of evaporation due to volatilization 

at the surface and vapor transport to the surface, as well as accurate characterization of 

hydraulic properties. The experimental dataset discussed in Section 3.1 and 3.2, was measured 

from a sufficiently deep tank of sand with known properties that provides hourly moisture 

content measurements at 5 cm spacing, evaporative water loss, soil hydraulic properties, 

relative humidity at the soil surface (only 0.875 cm above the center of the top soil layer in 

CLM4.5), and atmospheric properties at multiple places above the soil surface that can be used 

to estimate . Since the proportions of direct volatilization from the surface and vapor diffusion 

from the evaporative front are not explicitly measured, the detailed characterization of the soil 

properties and the high resolution of measurements allow for the use of a multiphase model to 

represent these processes. The accuracy of the modeling is not the focus of this analysis. 

Rather, the fine scale model (Section 3.3) and high resolution dataset are both utilized to 

compare the mechanisms of certain parameterizations in capturing the evaporation rates from 

different surfaces. Dr. Benjamin Wallen and Chelsea Stern played integral roles in the 

development and processing of the experimental datasets to be discussed.  
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3.1 Experimental Apparatus 

Two controlled bench-scale laboratory experiments was conducted using a low-velocity 

open-return wind tunnel inter-faced with parallel 2D soil tanks of dimensions 30 cm × 45 cm × 9 

cm (height × length × width) as illustrated schematically in Figure 3.1. Airflow was channeled 

over the surface of the soil tanks through an open-ended wind tunnel constructed of galvanized 

steel ductwork. A duct fan (Suncourt Pro Model DB6GTP, 15.2 cm diameter) and a fan speed 

controller (HydroFarm; Active Air, ACSC) were used to control wind speed. Over the course of 

each experiment, wind speed ( ), relative humidity in the air ( ) and at the soil surface 

( ), the mass of each tank, temperature of the soil ( ), air ( ), and surface ( ), and soil 

volumetric water content (�) were measured hourly. Wind speed was measured directly 

downstream of the tanks using a stainless-steel pitot tube (Dwyere Instruments, Inc.; model 

167-12; accuracy ± 5%) and collected hourly using a CR1000 data logger (Campbell Scientific; 

PC200W software). Air temperature and relative humidity in the free flow were measured 

upstream and downstream of the tanks using Decagon EHT (Decagon Devices, Inc.; relative 

humidity accuracy ± 2% for measurements 5 to 90% and ± 3% from measurements 90 to 100%, 

temperature accuracy ± 0.5 °C for measurements 5 to 40°C) and VP-4 sensors (Decagon 

Devices, Inc.; resolution 0.1% (relative humidity), 0.1 °C (temperature), and 0.01 kPa 

(pressure); accuracy ± 5% (relative humidity), ± 0.5 °C (temperature), ± 0.4 kPh (pressure)). All 

atmospheric measurements were taken at 15 cm above the soil surface ( ). Relative 

humidity/temperature sensors (Decagon EHT) were also placed at multiple locations on the soil 

surface with the sensor face in direct contact with the sand. Horizontal rows of sensors spaced 

at 5 cm increments were installed in both tanks at 2.5 cm to 22.5 cm below ground surface (bgs) 

to measure the distribution of soil moisture and temperature. Measurements were collected 

hourly and stored on Em50 series data loggers (Decagon Services, Inc., ECH2O System). Soil 

moisture was monitored using EC-5 dielectric soil moisture sensors (Decagon Devices, Inc.; 

accuracy ± 3%). Measurements was collected as analog to digital converter (ADC) counts and 

then converted to soil moisture using the two-point α-mixing model [Sakaki et al. 2008]. 

Subsurface soil temperature was monitored using thermistors (ECT, Decagon Devices, Inc.; 

accuracy ± 0.5 °C for measurement 5 to 40 °C).  
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Figure 3.1:  Schematic view of the experimental apparatus. Two separate tanks are placed on 

two scales to independently determine the cumulative water loss (and hence evaporation 
rate) from each tank. The average internal volume of each soil tank is 

about 12,150 cm3 (not drawn to scale). 
 

Although the experiment was conducted in a lab with relatively steady environmental 

conditions, the ambient air temperature outside of the experimental apparatus was monitored 

using Apogee ST-200 sensors and the incoming and outgoing short and longwave radiation was 

measured using an NR01 net radiometer and an LP02 Pyranometer (i.e. solar, or shortwave, 

radiation sensor). The soil sensors are either inserted through the front or back side of each 

tank (Figure 3.1b) and all soil sensors are centered within their respective 5x5 cm cell unless 

there are more than two sensors in that grid, in which case the third and fourth sensors are 

placed as close to the center as possible without impacting tank integrity. 

Each soil tank sat on a separate weight scale (Signum 3, Sartorious Corporation; 

accuracy ± 1.0 g; capacity 3 to 65 kg) to record the cumulative water loss hourly using Labview 

software. The experiment was set up such that the tanks were free standing so that the weight 

of the tanks would not be affected. Cumulative evaporation was measured as the change in 
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mass of the tank and the evaporation rate is determined from its derivative. The depth of the dry 

surface layer in the second experiment was also monitored through continuous time-lapsed 

photography using a Cannon digital camera (Cannon Power S3 IS). Potential evaporation was 

simultaneously monitored in a similar manner to Assouline et al. (2014) by recording the mass 

loss from a graduated cylinder filled with DI water placed within the wind tunnel, as seen in 

Figure 3.1c, ensuring it was subjected to the same atmospheric forcing. To minimize error, the 

top surface area of the graduated cylinder was aligned with the surface of the tanks, and the 

graduated cylinder was refilled every few hours to maintain the water level near the top of the 

cylinder.  

3.2 Material Properties and Packing Configurations 

Two silica sands with narrow particle size distributions manufactured by Unimin 

Corporation were used. According to the manufacturer technical sheets, the coarser sand, 

Accusand #12/20, and the finer sand, Accusand #50/70. A series of three experiments, differing 

in terms of soil configurations in the parallel tanks (Table 3.1 and Figure 3.2), were run as part 

of the present study. The first experiment (EX1) included Configuration 1 (C1) homogeneously 

packed with the C5F4 mixture and C2 with nine distinct, alternating columns of coarse and fine 

sand. The second experiment (EX2) included C3 with the coarse sand packed in the upstream 

half of the tank interfaced with fine sand packed in the other half and C4, where the orientation 

of the coarse and fine sands was reversed. Since there was no significant difference between 

the C3 and C4 data sets, only C4 was considered in the later discussion. For EX3, C4 and C5 

were homogeneously packed with the coarse and fine sands, respectively. The atmospheric 

conditions were kept fairly consistent in all three experiments. Table 3.1 gives the average wind 

speed, air temperature, and relative humidity for each experiment.  

 
Table 3.1:  Summary of average experimental atmospheric conditions with standard  

deviations given in parentheses 

Experiment Duration Wind Speed [m s-1] Air Temperature [°C] Relative Humidity of Air 

EX1 65 days 1.782 (0.006) 21.7 (0.2) 24.4 (11.0) 

EX2 35 days 1.771 (0.013) 20.9 (0.4) 13.9 (4.2) 

EX3 33 days 1.783 (0.012) 20.6 (0.6) 14.9 (6.4) 
 

Alternated vertically interfaced columns alternating between coarse and fine sand were 

created by inserting temporary vertical baffles prior to packing. These partitions were removed 

once the tank was completely filled, allowing connection between the columns without losing the 

sharp boundary between them. The water level was maintained a few centimeters above the 

sand surface throughout the packing process to avoid air entrapment within the sand in 



39 

 

accordance with the method outlined in Sakaki and Illangasekare (2007). When pouring the 

sands (especially the 5:4 mixture) through this water layer, some segregation occurred. To 

address this, every 2.5 cm of newly deposited sand was mixed before the sides of the tank were 

tapped in a consistent manner with a rubber mallet to achieve consistent soil densities and 

homogeneous particle size distribution [e.g. Sakaki and Illangasekare, 2007; Smits et al., 2011; 

Smits et al., 2012; Zhang et al., 2015]. Once both tanks were packed, they were maintained at 

fully saturated conditions until the start of the experiment. 

 

 
Figure 3.2:  Side views (not to scale) of all 6 packing configurations used in the 

three dual tank experiments 
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The SWRC and the relationship between thermal conductivity and saturation are 

necessary inputs into models in order to properly couple the heat and mass balances for a 

specific soil. With these constitutive relationships measured, parameters of corresponding 

models can be adjusted to best fit the data. These thermal and hydraulic properties of the two 

sands and the 5:4 mixture were determined prior to the experiment in separate small cell tests 

as shown in Figure 3.3. The measured SWRCs have residual water contents slightly higher than 

the lowest measured within the tanks during the experiments. Due to the narrow pore size 

distribution and low air entry pressures of the sands, the slope of the SWRC required to 

approach the matric potential near oven dry conditions from the residual water content is very 

high. Hence, utilization of the extended SWRC does not reconcile the difference in minimum 

water content in the measured SWRCs and the actual experiments, and the residual water 

contents were set according to the minimum water contents measured in the tanks to better 

match the extend of water loss from the soil pores. Table 3.2 gives the SWRC parameters and a 

summary of other key soil specific properties for the two sands and the mixture.  

 
Table 3.2:  Physical properties and constitutive parameters of the three sands 

  Sands Used 

Parameters Units #12/20 #50/70 C5F4 mix 

Particle diameter ) a 
[m] 0.00104 0.00023 0.00068 

Particle density ( ) b [kg m-3] 2665 2659 2662 

Total porosity (�) [m3 m-3] 0.342 0.355 0.246 

Bulk density (  [kg m-3] 1820 1770 2007 

Saturated hydraulic conductivity (  [m s-1] 0.00376 a 0.00036 a 0.000244 

Permeability (  [m2] 3.8x10-10 3.67x10-11 2.30x10-11 

Dry thermal conductivity ( ) [W m-1 K-1] 0.314 a 0.367 a 0.399 

Saturated thermal conductivity ( ) [W m-1 K-1] 2.948 a 3.297 a 4.108 

van Genuchten (1980) SWRC parameters 

Residual water content (� ) [m3 m-3] 0.008 0.005 0.009 

van Genuchten (1980)  c [m-1] 11.37 4.64 2.71 

van Genuchten (1980)  c [-] 8.69 9.11 15.60 

Air entry head ( ) d [m] 0.0687 0.1704 0.3229 

Characteristic Length (∆ℎ  d [m] 0.0421 0.0983 0.0966 

Field capacity (� ) [m3 m-3] 0.0096 0.0088 0.0114 
a  Deepagoda et al. (2016) 
b  Schroth et al. (1996), Farthing et al. (2012) 
c  Fit to small cell measured data 
d  equations from Lehmann et al. (2008) 
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Figure 3.3:  Measured SWRCs and thermal conductivity – saturation relationships for 

the three sands used in this study 
 

3.3 Fine Scale Model Theoretical Development 

The measured, time-variant atmospheric conditions were used in the two-dimensional 

finite element numerical model first presented in Smits et al. (2011) to define the pressure, 

temperature, and concentration gradients near the soil surface that drive the modeled water 

distribution throughout the profile and rate at which it is lost through evaporation. This model 

couples the heat, liquid water, and water vapor fluxes while avoiding the assumptions of 

equilibrium between the gas and liquid phases and isothermal conditions. The evaporative flux 

is applied to the water vapor mass balance at the top boundary of the domain. The 

counteractive vapor mass balance inputs include vapor diffusion, advection, and vaporization. 

When the top soil is at or near saturation, gas phase diffusion and advection are minimal due to 

the minimal air space available. Vaporization from liquid water in the pores is captured by the 

phase change rate, which is a source term in the vapor mass balance and a sink in the liquid 

water mass balance.  

Darcy's Law is used to define the liquid and gas phase (dry air and water vapor) flows 

within the porous media according to Bear (1972). � = −∇ ∙ − ↔
 

(3.1) � = −∇ ∙ + ↔
 

(3.2) 
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The matric potential is the difference between the air and liquid water pressures (i.e. = −
), so the SWRC is used to couple the two mass balance equations. �⁄  and  �⁄  can 

be derived from the slope of the SWRC,  is the density (kg m-3), and ↔  is the rate of phase 

change between liquid water and vapor via evaporation or condensation (kg water m-3 soil s-1) 

[Bixler, 1985; Zhang and Datta, 2004; Smits et al., 2011]. The Darcy velocities take the following 

forms: 

 = − , ∙ ∇ + ∇  (3.3) 

 = − , ∙ ∇ + ∇  
(3.4) 

 

where  is the intrinsic permeability tensor of the porous medium (m2),  is the relative 

permeability (-),  is the dynamic viscosity (kg m-1 s),  is the pressure (Pa),  is the 

acceleration due to gravity (m s-2), and  is the elevation head (m). The subscripts "w" and "a" 

refer to liquid water and air, respectively. The intrinsic permeability is calculated as the product 

of the measured saturated hydraulic conductivity (m s-1) and the dynamic viscosity of the liquid 

during the test divided by the liquid density during the test and the acceleration due to gravity.  

 The three sands used in the experiments have narrow pore size distributions, which 

cause the water content to approach the residual value at very low matric potentials relative to 

finer textured soils. Since the matric potential remains low until water contents slightly greater 

than the residual, the slope of the SWRC needed to achieve the range of oven dry matric 

potential values is very steep, making differences in extended SWRC formulations insignificant 

for the relative range of matric potentials. Therefore, the Zhang (2011) SWRC and hydraulic 

conductivity formulations are used in conjunction with the van Genuchten (1980) model 

representing the capillary region to define the SWRC over the entire range of moisture contents. 

This formulation was selected based on the ubiquitous use of the van Genuchten (1980) 

capillary SWRC, the simple implementation of the dry-region extension without the need for 

additional fitting parameters, and the presentation of a compatible hydraulic conductivity 

function that considers film flow. In Zhang (2011) the constant residual water content used in the 

van Genuchten (1980) SWRC is multiplied by a factor  as follows: 

 Θ∗ = � − �� − � = [ + ]−  
(3.5) 
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 = {  
  ln ⁄ln ⁄ < <  (3.6) 

where  is the matric potential approached as the moisture content reaches oven dry 

conditions (� =  and  is the matric potential at the matching point where the first derivative 

of the van Genuchten SWRC and the log linear relationship are equal. The hydraulic 

conductivity presented in Zhang (2011) is the sum of conductivities due to capillary and film 

flow, where the capillary hydraulic conductivity, , is determined according to Mualem (1976) 

using Θ∗. 
 = Θ∗ . [ − ( − Θ∗ / ) ]  

(3.7) 

The Smits et al. (2012) model considers the effects of adsorbed water on the hydraulic 

conductivity through the soil, especially under dry conditions. Film flow, which is normally not 

included in soil hydrology models, increases the evaporation rate from soil [Laurindo and Prat, 

1998; Yiotis et al., 2003], which may help replace the vapor enhancement factor often used to 

amend models to measured data. This vapor enhancement factor is founded on theories without 

experimental support and can be avoided if the liquid water flow is properly considered [Shokri 

et al., 2009]. The effects of film flow on relative permeability are captured with the Tokunaga 

(2009) model according to Zhang (2011) that gives the hydraulic conductivity due to film flow,  

(m s-1) without the use of fitting parameters as = , + � − .
 

(3.8) 

with 

, = √ � . ( )  
(3.9) 

where  is the average soil particle diameter (m), � is the surface tension (N m-1),  is the 

permittivity of water equal to 78.54 (C2 J-1 m-1),  is the permittivity of free space equal to 

8.85x10-12 (C2 J-1 m-1),  is the Boltzmann constant equal to 1.381x10-23 (J K-1), T is 

temperature (K),  is the magnitude of ionic charge (integer), and  is 1.602x10-19 . This 

conductivity is added to the capillary hydraulic conductivity, , (m s-1) found from the SWRC 

and divided by the measured hydraulic conductivity at saturation, , to get the relative 

permeability of liquid water as follows: 
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 , = +
 (3.10) 

The relative permeability of the gas phase is also given by the Mualem (1976) model as: 

 , = − Θ . [ − Θ / ]  (3.11) 

Conduction, convection, and latent heat are considered in the energy balance of the 

three-phase system, which is expressed as 

 = + ↔ − ∙ ∇ − ∙ ∇ + ∇ ∙ ( ∇ ) (3.12) 

where  is the average heat capacity of the three phase system weighted using respective 

density and volumetric water content (J m-3 K-1), T is temperature (K),  and  are the specific 

heat capacity for liquid water and air (J kg K-1), respectively,  is the effective thermal 

conductivity (W m-1 K-1) input into the model as interpolation function,  is a heat loss term (W 

m-3) corresponding to heat loss associated with the non-insulated sidewalls of the experimental 

tank described by Newton’s law of cooling [Bird et al., 2002], and  is the latent heat of water (J 

kg-1). The density of the gas phase (kg m-3) is dependent on the vapor density, pressure, and 

temperature of the air and can be derived from the ideal gas law as 

 = [ − ( − )] (3.13) 

where  and  are the molar masses (kg mol-1) of dry air and water, respectively. Table 3.3 

describes the equations used to define some of the temperature dependent variables related to 

the mass balance equations.  

Water vapor mass balance in the gas phase depends on convection, molecular diffusion, 

and vaporization and condensation rates and is expressed as follows: 

 � = ↔ − ∇ ∙ [ ] − ∇ ∇c  (3.14) 

where  is the diffusivity of water vapor through soil (m2 s-1) as described in Section 2.5.1. The 

phase change rate, ↔ , is commonly assumed to increase linearly with increases in the 

difference between the equilibrium vapor density at the water-air interface and the actual vapor 

density in the pore air is defined as [Bixler, 1985; Zhang and Datta, 2004; Smits et al., 2011]  

 ↔ = ( − ) (3.15) 

where  is the mass transfer coefficient: 

 = ( ) � − �  (3.16) 
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The constant, , was used as an empirical fitting parameter by Zhang and Datta (2004) and 

Smits et al. (2011) and will be the primary parameter used to calibrate the multiphase model,  

is the universal gas constant equal to 8.314 (J K-1 mol-1),  is the molar mass of water (kg mol-

1), _  is the saturated vapor density (kg m-3),  is the vapor density in the air within the pore 

space, and  is the equilibrium relative humidity in the pore space according to Kelvin's 

equation (Equation 2.7). Using Kelvin's equation assumes the pore vapor pressure is in 

equilibrium with pore water at a magnitude less than saturation that depends on the pore 

structure [Lu and Likos, 2004].  

 
Table 3.3:  Temperature dependent parameters used in the mass and energy balance 

Parameter Defining Equation Reference 

Viscosity of water ( ) = − . − − + . −  Lide (2001) 

Density of liquid water ( ) = . + . − . × −  Hillel (1980) 

Saturated vapor density in 
gas ( _ ) _ = . − . − − .

 Campbell (1985) 

Surface Tension (�) � = . − . − . × −  Saito et al. (2006) 

Latent Heat of Water ( ) = . × − . − .  
Monteith and 
Unworth (1990) 

 
3.3.1 Boundary and Initial Conditions, and Modeling Process 

The plexiglass tanks used in the experiments were only open at the surface, meaning all 

mass flux is restricted to the top boundary, as seen in Figure 3.4. The top boundary of the 

collective gas phase mass flux is set to atmospheric pressure while zero flux conditions are 

applied to the liquid mass balance on all boundaries since no liquid water will escape the tank. 

For the energy balance, the top boundary is set equal to the measured, time-variant surface 

temperature ( ) while all other boundaries of the two-dimensional model are set as zero heat 

flux boundaries. The heat loss term, , shown in Equation 3.12, takes into account the system's 

heat loss through the uninsulated tank walls and bottom, avoiding the need for flux or 

temperature boundary conditions on the edges of the domain. In the case of bare soil, 

evaporation (vapor flux across the land-atmosphere interface) is the only means of water loss 

from the system. This vapor flux is applied at the soil surface in the mass balance of water 

vapor within the gas phase (Equation 3.14) as: 

 = −+  (3.17) 
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where  is the vapor density (kg m-3) at the soil surface determined directly from the water 

vapor mass balance and  is the vapor density (kg m-3) determined from the measured air 

temperature and relative humidity at the atmospheric reference height, . The method used to 

determine aerodynamic resistance is discussed in Section 4.2.  

 

 
Figure 3.4:  Initial conditions and boundary conditions applied to the fine scale models where  

represents the fluxes of liquid, gas, heat, and vapor, designated by the 
subscripts , , , and , respectively 

 
These initial and boundary conditions were implemented in conjunction with the two-

dimensional mass and energy transfer equations (Equations 3.1, 3.2, 3.12, and 3.14) in the 

COMSOL Multiphysics software. The included UMPACK direct matrix solver was used to 

implicitly solve the models. Simulation run time corresponded to the duration of experimental 

data sets. The mesh size applied to each model geometry was refined until effects of further 

changes were negligible, and the mesh was refined to a horizontal distribution of 70 elements 

within the top 2.5 cm of the domain. A summary of the meshing and degrees of freedom is given 

in Table 3.4.  

 
Table 3.4:  Finite element model characteristics 

Model Geometry 
Mesh 

Elements 
Degrees of 
Freedom 

Homogeneous (C1, C5, C6) 4897 25128 

Alternating Columns (C2) 5691 29158 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

In this Chapter, the soil resistance formulations by van de Griend and Owe (1994), Lee 

and Pielke (1992), Tang and Riley (2013a), and Swenson and Lawrence (2014) are evaluated 

with the fine scale model. First, experimental data is used to validate the model to ensure proper 

physical behavior within the model (Section 4.1). Due to the importance of properly accounting 

for the aerodynamic resistance in analysis of soil resistance formulations, it is determined using 

commonly used approaches and validated against the potential evaporation determined directly 

from experimental data in Section 4.2. Outputs from the fine scale models were then used as 

comprehensive datasets used to test the behavior and the resulting evaporation rates of four 

different soil resistance formulations in Section 4.3. Those comparisons lead to suggestion of 

possible improvements to some of those formulations based on the characteristic length 

concept presented in Lehmann et al. (2008) (Section 4.4). Then these formulations are 

analyzed for sensitivity to the thickness of the top soil layer and the diffusivity model 

implemented using fine scale model outputs (Sections 4.5 and 4.6). Finally, the C2 measured 

and modeled datasets are used to test the ability of the soil resistance formulations to capture 

the heterogeneous behavior (Sections 4.7). Unless otherwise noted, the Moldrup et al. (2013) 

tortuosity formulation is used for the following analyses since it can be applied to both repacked 

and natural soils. 

4.1 Validating the fine scale model to experimental datasets 

 Using COMSOL Multiphysics, two model geometries were created using identical model 

structure and variable definitions. The first represents the homogeneous packing configurations 

(C1, C5, and C6), while the second represents the alternating column configuration (C2).  Since 

the evaporative fronts in the coarse domains of C3 and C4 reached the bottom of the tanks after 

17 days, while the surface of the fine sand remained moist (saturation at 2.5 cm bgs and the 

 were approximately 34% and 100%, respectively) those datasets are not applicable to 

discussions of the transition to stage 2 evaporation under heterogeneous conditions. 

Furthermore, the Experiment 2 dataset does not hold utility as a benchmark of models 

attempting to capture stage 1 and stage 2 evaporation from the vadose zone with direct 

connection to the underlying reservoir since the coarse domain is depleted before a DSL is 

formed in the fine sand. Using the experimental atmospheric measurements as inputs, models 

of the three homogeneous configurations as well as the heterogeneous column configuration 
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were set up to capture the physical processes facilitating liquid water and water vapor recharge 

to the surface. 

 The stages of evaporation discussed in Chapter 2 are easily seen in all the experiments. 

The stage 1 evaporation dictated by atmospheric properties was fairly consistent between 

parallel tanks under the same wind tunnel conditions (i.e. C1 and C2 in EX1 and C5 and C6 in 

EX2). Figure 4.1 shows a similar evaporation rate in C1 and C2 for approximately the first 3 

days of the experiment. After 3 days, the C1 evaporation rate decreased to a slightly lower rate 

that was maintained until 15 days into the experiment, at which point the evaporation rate 

decreased further to the stage 2 rate. The heterogeneous columns in C2 maintained the stage 1 

evaporation rate for the first 25 days before transitioning to stage 2. The stage 2 evaporation 

rate differed between C1 and C2, which is most likely due to increased tortuosity in the C5F4 

mixture used in C1 and the offset vaporization planes associate with the heterogeneous 

columns in C2. The other homogeneous tanks, C5 and C6 in EX3, also maintained similar 

evaporation rates until C5 began transitioning to stage 2 after about 2 days. The fine sand in C6 

is able to maintain sufficient hydraulic connection over a greater distance than the coarse sand 

in C5, as demonstrated by the greater characteristic length determined in Table 3.2. Therefore, 

C6 maintains the high stage 1 evaporation rate seen C5 for about 4 days into the experiment. 

Then stage 2 is reached after about 10 days in C6. 

 

 
Figure 4.1:  Measured cumulative evaporation during EX1 and EX3 
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As seen in Table 4.1 and Figure 4.2, the model generally captures the very short 

duration of stage 1 for the homogeneous experiments, but the magnitude of the measured 

evaporation rate is not captured quite as well as the stage 2 evaporation rate judging by the 

respective RMSE values. Ponding of water on the soil surface and excess water on the 

evaporation tank itself would cause the measured evaporation to be higher at the beginning of 

the experiment, which may partially account for the difficulty in fitting the model to stage 1. This 

is especially of concern in C6 The higher initial evaporation rates measured in C6 compared to 

C5 may be due to some ponding of water on the soil surface or some excess water on the 

evaporation tank itself at the beginning of the experiment.  

 
Table 4.1:  Approximate duration of the stages of evaporation and the associated 

RMSE of the modeled outputs 

Experiment Overall Stage 1 Transition Stage 2 

C1 
Duration 65 days 3 days 3.5 days 26.5 days 

RMSE 0.51 1.05 0.68 0.45 

C2 
Duration 65 days 25 days 8 days 32 days 

RMSE 0.51 0.43 0.75 0.49 

C5 
Duration 33 days 2 days 8 days 23 days 

RMSE 0.77 0.80 0.64 0.38 

C6 
Duration 33 days 4 days 6 days 23 days 

RMSE 0.94 1.88 0.59 0.35 

 
 The models generally overpredict the evaporation rate during the transition from stage 1 

to stage 2. This could be due to misrepresentation of the SWRC slope under moderately 

saturated conditions, related to the pore size distribution. As previously stated, the SWRCs used 

in this experiment were determined in separate small-cell experiments. The packing procedure 

used with the small cell apparatus differs from that used in the tank. Since the small cell sample 

is thinner, it is easier to pack the soil grains more uniformly, which would produce a narrow pore 

size distribution. In the larger, rectangular tanks, achieving uniform packing is more difficult. 

Therefore, it is likely that the pore size distribution within the tanks is different than that in 

corresponding small cell samples due to the difference packing procedures. The same soil may 

have significantly difference hydraulic properties when packed to different bulk densities as 

seen in Assouline et al. (2014). Additionally, the relative hydraulic conductivity was never 

directly measured and was determined according to Mualem (1976). This would lead to a 

misrepresentation of the hydraulic transport properties within the top soil, which could drastically 

affect the hydraulic connectivity to the surface. Even though utilizing the van Genuchten (1980) 

 and  SWRC parameters as additional fitting parameters in the model would allow for a better 
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fit to water distributions within the soil and measured evaporation rates, the parameters fitted to 

the small cell measurements are used to maintain connection to actual, measured SWRCs. 

The homogeneous models achieved their best fits to the measured data during stage 2 

evaporation. Assuming the aerodynamic resistance remains fairly constant due to the consistent 

atmospheric conditions over the course of each experiment, the good fit to stage 2 evaporation 

suggests good prediction of the surface vapor concentration when considering the evaporative 

flux calculated by Equation 3.17.  

 

 
Figure 4.2:  Modeled evaporation rates of C1, C2, C5, and C6 compared to the corresponding 

experimental measurements. The modeled evaporation rate for heterogeneous 
geometry (C2) is also partitioned into the contributions from the 

fine and coarse columns 
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 Configuration 2 (C2) was used to investigate the capability of the fine scale model to 

capture the heterogeneous behavior, including lateral flow and prolonged stage 1 evaporation 

rates. The model was successfully able to capture the lateral flow and offset drying fronts as 

previously reported in literature (e.g. Lehmann et al., 2009) and as shown in the heterogeneous 

lab experiments carries out in this work (Figure 4.3). However, the model under predicted the 

duration of the observed stage 1 evaporation as shown in Figure 4.2. This may be due to 

differences between the SWRCs used in the model and the actual relationship between 

moisture content and matric potential within the packed tank as previously discussed. 

Conceptually, stage 1 is sustained in the fine column as long as the capillary gradient 

from the coarse column is large enough to overcome the gravity head between the capillary 

fringe in the coarse sand and the surface. As seen in Equations 2.3 and 2.4, that maximum 

distance is dependent on the air entry pressure of the coarse sand and the characteristic length 

of the fine sand which is related to the width of the pore size distribution. Since adequate 

hydraulic connection to the surface is not maintained for a long enough period in the model, it 

must be assumed that the SWRC fitting parameters used do not exactly capture the 

relationships within the tank. A greater characteristic length is directly associated with a wider 

pore size distribution, as it represents higher heterogeneity of the capillary pathway sizes and 

therefore capability to maintain hydraulic connectivity across greater lengths materializing in 

greater characteristic Therefore it is very likely that the actual pore size distribution in the 

packed tank is wider than that in the small cell experiments used to obtain the van Genuchten 

(1980) SWRC parameters. This is corroborated by the modeled saturation at depths associated 

with the experimental measurement depths as shown in Figure 4.4. Although the modeled 

saturation with depth seems to closely capture the observed saturation measured at 2.5 and 7.5 

cm depths, this may be attributed to high gradients near the surface and variation in the location 

of vaporization within the pore structure. 

It is important to note that precise calibration to the measured data is not the primary 

focus of this work, rather the models are used to give comprehensive understanding of the 

transport processes and how they relate to the water content near the surface, which most soil 

resistance formulations rely on. Therefore, the measured data was used as a basis for 

comparison to ensure that the model worked properly for both homogeneous and 

heterogeneous conditions. The only fitting parameter adjusted to improve fitting to the 

experimental data was the empirical  parameter in the ↔  formulation (Equation 3.15). 

Increasing  increases the rate of vaporization, which is needed to maintain the higher surface 

vapor density observed early in the evaporation experiments as seen in Smits et al. (2011). The 
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air content is very low under saturated or nearly saturated conditions, causing the vapor mass 

transport to the surface via diffusion and advection to the surface to be practically negligible. 

Therefore, high surface vapor density is only maintained against the high stage 1 evaporation 

rate by the source term in the water vapor mass balance (Equation 3.14) represented by the 

phase change rate. Without sufficient representation of vaporization, the recharge of water 

vapor near the surface would not be sufficient to capture the vapor density differential defining 

stage 1 evaporation early in the experiments. 

 

 
Figure 4.3:  (left) The saturation surface plot of the C2 model after 12 days where blue 

represents fully saturated condition and the liquid velocity vector arrows show the 
lateral flow from the coarse to the fine columns and (right) an image of the 
experimental tank with packing configuration C2 showing the offset drying 

fronts in the coarse (blue lines) and fine (red lines) columns 
 

 
Figure 4.4:  Modeled and measured saturation at 2.5 cm interval depths bgs in the #12/20 (top) 

and #50/70 (bottom) sand columns of C2 showing variation between the modeled 
results and experimental observations 
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Figure 4.5:  Continued 

 
4.2 Measured Atmospheric Conditions and Determination of Aerodynamic Resistance 

Although the focus of this work lies with the soil resistance parameterization, appropriate 

representation of free flow processes inhibiting evaporation must be used. According to Bittelli 

et al. (2008), accurate prediction of the stage 1 evaporation rate dictated by atmospheric 

conditions (i.e. ) and the transition to stage 2 are integral to the success of an evaporation 

model since this represents most evaporation in natural settings. Wind speed and upstream air 

temperature were kept consistent over the course of each experiment described in Sections 3.1 

and 3.2, maintaining stable atmospheric conditions (i.e. the surface temperature ( ) is less than 

the atmospheric temperature ( )). This temperature differential prevents thermal cycling within 

the atmosphere above the soil, where buoyant warmer air near the surface would increase 

vapor transport to the atmosphere. Most aerodynamic resistance formulations depend on the 

degree of this stability, with higher stability leading to greater magnitudes of . Early in the 

experiments, vaporization occurs within the soil pores near the surface, and the required latent 

heat of vaporization causes a cooling effect. As the water content of the soil decreases and the 

DSL is formed, the vaporization in the vicinity of the surface decreases and eventually stops 

entirely causing the surface temperature to increase. These trends can be seen in Figure 4.1. 

Due to lateral capillary pumping from the coarse columns to the fine, as discussed in Chapter 2, 

the coarse column vaporization plane quickly recedes while the fine columns remain saturated 

longer meaning the surface temperature of the fine column is maintained lower than the coarse 

surface.  
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Potential evaporation rates are much easier to measure since the required 

measurements can be conducted above the surface via micrometeorological stations and 

remote sensing. A common simplification in the surface evaporative flux determination 

(Equation 3.17) is the assumption that the water vapor density at the surface ( ) is always 

saturated (100% ) [e.g. van de Griend and Owe, 1994; Lee and Pielke, 1992], such that it is 

only a function of the surface temperature. The soil resistance or evaporation efficiency terms 

are included in order to simplistically capture the decreasing evaporation rate associated with a 

drying soil. Most empirically derived soil resistance formulations utilize the ratio of the measured 

soil evaporation to potential evaporation rates to solve for . Van de Griend and Owe (1994) 

justified their assumption that  remained saturated throughout their entire air circulation 

chamber experiment since the equilibrium humidity given by Equation 2.7 remains near 99% 

even at a  of 150 m. However, as previously discussed, Kelvins equation is meant to relate to 

the equilibrium relative humidity at the air-water interface whereas it is most often calculated 

using temperature and matric potential measured at the surface or at a set depth below the 

surface regardless of the location of the air-water interface in the pore structure. Assuming the 

air-water interface is at the surface becomes invalid once the DSL is formed. The maximum 

matric potential measured in Experiment 1 was only 4.57 m, which gives an equilibrium relative 

humidity of ~100%, yet Figure 4.5 shows the  decreasing from saturation early in the drying 

process. In modeling these experiments, the use of Kelvins equation to determine the  would 

inevitably lead to a greater concentration gradient, causing over prediction of . This shows 

the value of being able to measure the  at the surface as well as use a multiphase numerical 

model that considers vapor transport.  

Utilizing these data sets, the saturated vapor concentrations at the surface and  are 

calculated from  and  using the equation in Table 3.3 and are multiplied by the respective 

 measurements to determine  and  with time. With the average vapor concentration 

gradient between the drying surface and  as well as the measured evaporation rate  (mm 

day-1) from the tanks, a reasonable estimate of the sum of the resistances (s m-1), , is 

determined as: 

 = . × −
 (4.1) 

where the constant resolves units and  is taken as 998 kg m-3 since the magnitude of 

temperature fluctuations have minimal impact on the density. Since the potential or pan 

evaporation rate is typically measured from a free water surface, the vapor concentration at the 

surface remains saturated. Therefore, comparing the actual evaporation to potential evaporation 



55 

 

would no longer hold meaning when  drops significantly below saturation since the vapor 

concentration gradient between the surface and  would no longer equal the same gradient 

near a free water surface. The vaporization plane remains at the surface such that  equals 

100% during stage 1 evaporation. For this reason, most formulations set  as zero or some 

minimal value when the surface moisture is near saturation, meaning  is dominated by . An 

average  for the homogeneous mix of C1 and the heterogeneous column configuration (C2) 

was found after applying Equation 4.1 to the first five days of Experiment 1 while assuming  is 

negligible based on the high measured  shown in Figure 4.5 and the relatively high and 

consistent evaporation rate as seen in the measured evaporation shown in Figure 4.2. The 

average of the  values determined from the first five days of C1 and C2 measurements as 

shown in Figure 4.6 are 339.4 and 311.7 s m-1, respectively, and if the  is set as _  for 

each of the calculations those averages increase to 353.2 and 339.2 s m-1. This gives an 

expected range of values for the aerodynamic resistance term.  

 
Figure 4.6:  Air and surface relative humidity measured in Experiment 1 showing an initial period 

of near saturated vapor density associated with stage 1 evaporation 
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Five different methods of determining aerodynamic resistance were tested for their 

ability to capture this magnitude of resistance during stage 1 evaporation. In C1, stage 1 

evaporation lasted about 5 days before  and the evaporation rate rapidly decreased. 

Aerodynamic resistances determined using the typical roughness lengths for bare soil 

mentioned above (i.e. ~0.0002 – 0.001 m) were not nearly high enough compared to the 

experiment. Using a  of 0.001 m as used in Garratt and Hicks, (1973), Manfouf and Noilhan 

(1991), van de Griend and Owe (1994), and Smits et al. (2012) produced  values ranging from 

~100 to 150 s m-1. In order to achieve an average  near 340 s m-1, roughness lengths needed 

to be decreased by over two orders of magnitude as shown in Figure 4.6. For this reason as 

well as the steady wind speed (i.e. variation within the 5% instrument measurement error) and 

temperature differential between the surface and the atmosphere (i.e. maximum variation of 

~2°C) throughout the experiments, the average  values determined from the early stages of 

the experiments were used for the entire duration when modeled.  

 
Figure 4.7:  Aerodynamic resistance ( ) for C1 determined from various methods used in 

literature where = .  m and = .  m 
 

4.3 Comparing Between Resistance Formulations 

 The van de Griend and Owe (1994), Lee and Pielke (1992), Tang and Riley (2013a), 

and Swenson and Lawrence (2014) soil resistance formulations. These models will be 

abbreviated as vdGO94, LP92, TR13, and SL14, respectively, throughout. LP92 is converted to 

a resistance via Equation 2.8 for comparative purposes. The modeled ratio of actual to potential 

evaporation was calculated and then used as an "Observed" dataset to compare the 

evaporation efficiencies determined by the four resistance formulations. The approximate 
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durations of the stages of evaporation produced by the model are given in Table 4.2. In finite 

difference models such as CLM and ALM, each soil layer is associated with a single, average 

soil water content value. This average water content of the top layer is used as the input to the 

various soil resistance formulations. In order to mimic this input, the water contents determined 

by the fine scale, finite element model were averaged over the top few centimeters according to 

a corresponding top soil layer thickness associated with finite different models or experimental 

measurements originally used to empirically determine  (i.e. 1 cm in vdGO94 and 2 cm in 

LP92). 

 
Table 4.2:  Approximate durations (in days) of stage 1 and stage 2 in the modeled datasets 

Model Overall Stage 1 and Transition Stage 2 
C1 65 25 40 
C5 33 10 23 
C6 33 15 18 

 
  

None of the formulations fully capture the resistance determined from the model output. 

The TR13 and vdGO94 formulations consistently gave the best overall fit with the lowest overall 

RMSE values and shape (Figure 4.7) compared to the modeled datasets. The vdGO94 

formation was found empirically from soil moisture content measurements within the top 1 cm of 

a sandy loam soil, so a decent fit is expected for these similarly textured soils. TR13 and SL14 

are not based on specific experimental or field measurements from a certain soil depth, 

although primarily used in CLM with a top soil layer thickness of 1.75 cm. Therefore, the 

necessary variables for the top soil layer were referenced from averaging inputs over the top 1 

cm of soil as with vdGO94. The sensitivity of SL14 and TR13 to this layer thickness will be 

discussed later. The LP92 formulation was empirically determined from a 2 cm soil sample, so 

the average � over of the top two centimeters of the model was used in the analysis. Although it 

effectively captures the later  values associated with the modeled stage 2, LP92 initiates too 

late in the drying process, maintaining potential evaporation for too long. On the contrary, the 

SL14 formulation initiates a decrease from the potential evaporation rate much too early. Of all 

the formulations tested here, vdGO94 and TR13 gave the best predictions of the gradual rate of 

decrease in evaporation rate over time during the transition from stage 1 to stage 2 evaporation. 

All four formulations predict the magnitude of the diffusion controlled evaporation rate (i.e. late in 

the experiments) fairly well, with LP92 consistently resulting in the lowest  values. SL14 and 

TR13 often give similar minimum  values that slightly overpredict the evaporation rate later in 

the simulation. All four formulations seem to cause  to decrease faster than that given by the 
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model and level out at a minimum value after about 20, 10, and 15 days while the actual 

evaporation rate determined from the fine scale model continued to decrease over the course of 

the experiment. As seen in the consistently high RMSE values shown in Table 4.3, LP92 and 

SL14 struggle to capture the transition stage. 

 
Table 4.3:  Root mean squared error of the soil resistance formulations  

compared to the three homogeneous modeled datasets 

Model Resistance Overall Stage 1 and Transition Stage 2 

C1 

vdGO94 0.020 0.035 0.011 

LP92 0.046 0.117 0.001 

TR13 0.028 0.063 0.005 

SL14 0.053 0.114 0.015 

C5 

vdGO94 0.020 0.064 0.001 

LP92 0.031 0.099 0.000 

TR13 0.017 0.036 0.009 

SL14 0.046 0.131 0.009 

C6 

vdGO94 0.026 0.056 0.000 

LP92 0.046 0.096 0.004 

TR13 0.022 0.038 0.008 

SL14 0.065 0.134 0.007 

 
The formulations use different mechanisms to initiate an increasing  value. LP92 and 

SL14, are piecewise functions where  remains 1 until �  drops below the �  or � , 

respectively as seen in Figure 4.8. The �  is defined as the water content of a freely drained 

soil at which no additional water can be held against gravity, which is typically found in field soils 

two to three days after a wetting event.  More qualitative approaches have associated �  to a 

matric pressure of 0.33 bar (or 0.10 bar for sandy soils) or a hydraulic conductivity of 0.1 mm 

day-1 as in LP92. Lee and Pielke (1992) reference the �  values associated with the Clapp and 

Hornberger (1978) SWRC classification system where the �  of sand is listed as 0.135. Due to 

the narrow pore size distributions and low air entry values of the experimental sands, the 

calculated �  values are much lower (e.g. < 0.01) as shown in Table 3.2. Swenson and 

Lawrence (2014) calibrated �  in CLM against the global GRACE total water storage 

seasonal cycle amplitude. Considering the evaporation rate for the experimental observations, it 

is clear that this value of � , set equal to 80% saturation, is much too high for these sands. 

For example, after 5 days the saturation at 2.5 cm bgs in C1 is less than 20% while the  is 

still near 100% while evaporation rate has not yet decreased from the stage 1 rate as seen in 

Figures 4.2 and 4.5. Understanding that the pore size distribution of more finely textured soils 
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would be higher, one would expect even greater hydraulic connection to the surface when the 

top few centimeters have an average liquid water saturation of 80%. The rapid increase in 

resistance brought on by the SL14 mirrors the abrupt decrease in evaporation rate seen in the 

experiments, but sharp transition may not hold true to fine textured soils with wider pore side 

distributions. The vdGO94 formulation incorporates the water content that marks the transition 

from stage 1 to stage 2 into the exponential structure of the equation since they observed a 

diminishing soil resistance at �  of 0.15 for a sandy loam soil. Using this water content value 

neglects textural variation between soils such that the relationship between resistance and 

saturation shown in Figure 4.8 is not soil dependent, hindering its broad applicability.  

 
Figure 4.8:  The ratio between actual and potential evaporation is calculated from the 

homogeneous model outputs (C1, C5, and C6) compared with the modeled 
evaporation efficiency. The corresponding variable reference layer 

thicknesses are in parentheses 
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Figure 4.9:  The evaporation efficiency and resistance with relation to saturation (� = .  for 

C5) where LP92 is seen increasing with decreasing saturation at about 2.5% saturation 
according to its �  

 

The TR13 formulation avoids the use of a stepwise function and offers a continuous 

function considering the relative limitations in both liquid and vapor flow (i.e. � / �  and � �, respectively with = /  used to properly scale the relative effects of density 

differences). The two components represent liquid transport to the surface allowing for the direct 

surface vaporization associated with stage 1 and vapor transport through the unsaturated pore 

space from a vaporization plane at depth to the surface defining stage 2. With a saturated soil, 

the vapor component equals zero while the liquid component is some near infinite value due to 

the slope of the SWRC ( / � ). In this state,   is primarily determined by the resistance due 

to vapor transport (since the components are in the denominator of the equation). As � 

decreases, the vapor diffusivity increases toward a maximum dictated by the maximum value of 

the tortuosity function near oven dry conditions, while the water content and hydraulic 

conductivities decrease to a minimum. This causes evaporation to depend less on direct 

vaporization from the soil surface and more on vapor transport from a deeper vaporization plane 

in the soil until the vapor transport process controls the evaporation rate as seen in Figure 4.9. 

Tang and Riley (2013) state that the partitioning between liquid and vapor dominated flow 

primarily depends on the soil’s water sorption capability. The laboratory sands used in this 

experiment have low sorption capacities compared to finer textured soils such that the switch in 

dominance occurs at a saturation much lower than the typical soil types shown in Table 3 and 

Figure 5 in Tang and Riley (2013). Therefore, liquid transport to the surface dictates the 

evaporative water loss until the sands are very dry (~ 3% saturation). 
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Figure 4.10:  The percent contribution of direct vaporization at the surface and vapor transport 

through the air phase in the soil pores to evaporation of a function of (a) saturation and (b) 
time for experiment C6 (i.e. fine sand). The lower plot (c) shows the inverse conductance 

values due to liquid and vapor transport to the surface. Since these values are in the 
denominator of TR13, the lowest of these two components dominates the overall 

soil resistance as seen by the soil dashed line. 
 

The  determined from the average top soil layer water content during stage 2 was 

generally better captured by vdGO94 (and LP92 besides the poor timing of initialization). This is 

explained by the differing origins of these formulations. The empirical formulations (i.e. vdGO94 

and LP92) were determined by relating the actual measured evaporation efficiency directly to 

the average soil moisture content of the top 1 and 2 cm of soil, respectively, while assuming a 

saturated vapor concentration at the surface. Therefore, they should empirically relate to the 

model output. However, the SL14 was originally tested using CLM4.5 where the  used to 

determine the evaporative flux is defined by first using the average water content in the top soil 
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layer (1.75 cm thick in the default model) to determine the associated matric potential using the 

SWRC and then the matric potential to determine the equilibrium relative humidity using 

Equation 2.7. Thus the evaporation efficiency was determined using a model that may 

inherently over predict actual evaporation. This may potentially explain why the �  term used 

to initiate the decrease from the potential evaporation rate was fitted to such a high value (80% 

saturation) and why the resistance term increases so quickly once initiated. The TR13 

formulation does not include any empirical relationship relating the soil moisture content to the 

soil resistance. Instead, it utilizes the soil moisture content in the top soil layer and commonly 

used constitutive relationships (i.e. the SWRC, hydraulic conductivity, and vapor diffusivity) to 

theoretically determine the combined resistance to water flow to the surface caused by limited 

liquid and vapor flow. Thus, this relationship is only as accurate as the inputs assigned. 

4.4 Soil Resistance Formulation Improvements  

 The LP92 and SL14 stepwise formulations rely on a specific top soil layer water content 

value to initiate decreasing evaporation efficiency. As previously discussed, the �  or the fitted �  are too low and too high for the sands used in this work causing poor predictions of the 

transition from stage 1 to stage 2. In order to relate this initial drop in evaporation efficiency to 

more physical relationships, the characteristic length concept discussed in Chapter 2 (i.e. the 

maximum thickness of the drying front allowing direct vaporization from the soil surface) is used 

to determine a water content to prompt the decrease in evaporation rate. Lehmann et al. (2008) 

assumed the hydrostatic SWRC function could be used to determine the � distribution above 

the evaporative front. This assumption may lose validity in soils with smaller pore diameters 

under high atmospheric demand, such that the liquid water pore velocities are high enough to 

cause viscous dispersion to hinder water movement to the surface. In a homogeneous domain 

under hydrostatic conditions, the water pressure profile increases linearly with height above the 

water table where the matric potential equals zero. Thus, the matric potential at the reference 

depth in the soil can be calculated as 

 ∗ = + ∆ℎ − ∆  
(4.2) 
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The water content at the reference depth associated with the characteristic length, �∗, is then 

determined from the SWRC. For example, for a top soil layer thickness of 1 cm this water 

content value is 0.065 for the #50/70 sand (Table 3.2) which is less than the SL14 �  ( = 

0.284 for the homogeneous mix) and greater than the �  value used in LP92 ( = 0.0088). As 

discussed above and seen in Figure 4.7 and 4.8, LP92 and SL14 fail to capture the timing of the 

transition to stage 2 evaporation marked by a decreasing evaporation efficiency due to the 

unphysical basis of the values. Relating this key component of LP92, and SL14 should improve 

the general timing of stage 2 evaporation.  

 Differing reactions to this modification were seen in the SL14 and LP92 formulations. 

Modifying the SL14 formulation alleviates the underprediction of evaporation rate under moist 

conditions caused by initiating stage 2 while the top soil layer is still at 80% saturation as seen 

in Table 4.4 and Figure 4.10. The overall RMSE was almost halved due to the drastic 

improvement in the stage 1 and transition  predictions. The final magnitude of  is not affected 

by this change in SL14, but it decreases the minimum LP92  significantly. The LP92  

previously remained at 1 unless at very dry conditions, which renders it ineffective in capturing 

the earlier decrease in evaporation rate. However, this causes an increase in the RMSE since 

the LP92  decreases so rapidly once initiated, and it continues to decrease significantly with 

decreasing moisture content rather than finding a minimum evaporation efficiency as in SL14*. 

Generally, this modification does help LP92 and SL14 more closely capture the transition to 

stage 2. However, it does not affect the structure of formulations. Therefore, the drastic 

increases in resistance with decreasing moisture content near the transition are not improved 

upon, as seen in Figure 4.10. 

 
Table 4.4:  RMSE comparison of the original and amended LP92 and SL14 formulations 

Formulation Overall Stage 1 and Transition Stage 2 

LP92 
original 0.031 0.099 0.000 

amended 0.052 0.155 0.008 

SL14 
original 0.046 0.131 0.009 

amended 0.024 0.058 0.009 
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Figure 4.11:  Comparison of the original LP92 and SL14 formulations with those amended to 

use the characteristic length to trigger the transition to stage 2 
4.5 Model Sensitivity to the Top Soil Layer Thickness 

As described above, none of the methods fully captured the evaporation rate when 

implemented in their original form, either under or overestimating different portions of the rate 

with time. The vdGO94 and LP92 formulations specifically relate to the average water content of 

the top 1 and 2 cm of soil, respectively. SL14 did not specify a certain thickness, but it was both 

originally developed and tested using CLM4.5 which has a default top soil layer thickness of 

1.75 cm. TR13 recommends a top soil layer thickness of 1 to 5 cm, and warn against using a 

top layer thickness greater than 5 cm since the assumption of a linear vapor density gradient 

through the soil may not apply across greater depths. Chanzy and Bruckler (1993) state that a 5 

cm thick soil layer is optimal and advise against using a very thin layer. However, it is expected 

that the top soil layer thickness selected could have significant effects on the evaporation 

behavior due to the dependence on the averaged soil moisture. For example, a thicker top 

surface layer will result in a higher averaged moisture content with time, which may affect the 

behavior of  and the modeled evaporation rate. The TR13 and SL14* (with characteristic 

length modification) were applied to soil layer thicknesses of 0.25, 0.5, 1, 3, and 5 cm. Figure 

4.10 shows the  calculated from the TR13 and SL14* formulations compared to the actual 

modeled evaporation efficiency. The SL14 is minimally affected except for a short time period 

leading into the minimum evaporation efficiency that is consistent regardless of the layer 

thickness used. The TR13 model is slightly more sensitive during the transition from stage 1 to 

stage 2, and its minimum efficiency value is highly dependent on the thickness value. 
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Figure 4.12:  The effects of depth of the top soil layer (1, 3, and 5 cm as shown in the 

parentheses) on the evaporation efficiencies calculated directly from the model 
output (C5) and from the TR13 and SL14 formulations. Notice the SL14* 

 vs time is minimally affected by model layer thickness 
 

Since the TR13 calls upon ∆ , while conceptually trying to capture the resistance to 

water transport from the center of the top layer to the surface, it is inherently affected by the 

change in layer thickness to a greater extent than SL14. However, as was shown by Tang and 

Riley (2013), the  increases end at a certain point when the liquid water flow to the surface 

subsides and the diffusivity through soil is near its maximum. The thicker layered models shows 

a delay in the transition to stage 2 due to the higher average water content values, but those 

evaporative efficiencies eventually fell below those with thinner top soil layers. The magnitude of 

this maximum is magnified with increasing ∆  as seen in Figure 4.11 and 4.12. Thicker layers 

are less sensitive to the ∆  multiplier as seen in the smaller change between the calculations 

using 3 and 5 cm layer thicknesses. 

The SL14* does not show as much  sensitivity as a function of saturation to the layer 

thickness besides the saturation at which it is initiated, which is based on the modification using 

the characteristic length that causes �  to decrease with greater layer thickness. This works 

to offset the increase in average water content with increasing layer thickness. The  versus 
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saturation relationship of TR13 is affected by the layer thickness beyond the effect of using 

different ∆  values. To show this, the TR13  calculated with inputs from the averaged 3 and 5 

cm layers were divided by three and five respectively to normalize the ∆  value of all three to 

0.01 m. Although including ∆  in the TR13 mitigates some sensitivity to depth, it does not fully 

remove reliance of the shape of the TR13 vs saturation relationship on the layer thickness used 

in the model. Even though the higher resolution of a thinner soil layer gives a better 

representation of the water content near the surface, the explicit inclusion of the ∆ term in the 

TR13 formulation causes significant overprediction of evaporation from dry soil. In this analysis, 

layer thicknesses of 3 and 5 cm seemed to give the best representation of the modeled 

evaporation.  

 
Figure 4.13:  Evaporation efficiency and soil resistance determined from TR13 (top) and the 

modified SL14* (bottom) vs. average saturation of the top layer. The plots end at the minimum 
saturation achieved in the modeling experiment 
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4.6 Model Sensitivity to Tortuosity  

 There have been many derivations of the tortuosity factor based on conceptual and 

experimental models [e.g. Buckingham, 1904; Penman, 1940; Millington, 1959; Marshall, 1959; 

Millington and Quirk, 1960, 1961; Moldrup et al., 2000, 2004, 2013; Deepagoda et al., 2011, 

Moldrup et al., 2013]. For a complete review of models see Moldrup et al. (2013). These models 

vary in complexity but most rely on volumetric air content and porosity. The TR13 and SL14* 

models each include the soil vapor diffusivity determined as the diffusivity in free air multiplied 

by tortuosity factor (�) and the volumetric air content (�). The tortuosity models of Buckingham 

(1904), Penman (1940), Millington and Quirk (1961), Moldrup et al. (2000), and Moldrup et al. 

(2013) are used to test the sensitivity of TR13 and SL14 to the incorporated diffusivity term. The 

diffusivity formulations are abbreviated as B04, P40, MQ61, M00, and M13, respectively. Each 

of these models were selected based on uniqueness of equation structure, wide usage in 

literature, or explicit consideration of packed soil conditions as previously discussed in Chapter 

2. The diffusivity through the soil ( ) produced from the C5 modeled results (Figure 4.13) show 

the soil vapor diffusivity values increasing with time as the surface soil dries, following the 

behavior shown in Figure 2.5. Starting with saturated soil, MQ61 shows the lowest rate of 

increase with increasing air content but later exceeds the values of B04, and P40. Since � is not 

a function of air content in P40, /  as a function of air content is linear. This causes the 

predicted  to be significantly higher while the soil is moist. As the top soil layer becomes very 

dry (i.e. after about 7 days), additional loss of water content occurs at a much slower rate so the 

diffusivity effectively reaches a maximum value. That maximum value is dependent on the 

specific tortuosity factor model. 

 

Figure 4.14:  The vapor diffusivity through soil determined from the five different diffusivity 
models tested using the model for experiment C5 
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  Sensitivity to the tortuosity term takes different forms in TR13 and SL14* but results in 

similar effects to the evaporation rate from dry soil. The relationship between the SL14*  and 

saturation is much more sensitive to the diffusivity model used than TR13 at higher saturation 

values as seen in Figure 4.14. This relationship only starts to diverge depending on the 

diffusivity model used at less than 5% saturation. This is due to the different structure of the two 

formulations. In SL14, the diffusivity is the sole constituent of the denominator while the TR13 

form multiplies the diffusivity by the volumetric air content before adding it to the component 

pertaining to liquid flow, effectively diluting the effects of variations in the tortuosity term at 

higher saturations. Although P40 maintains much higher diffusivity values over most of the 

range of air contents, the resulting evaporation rate still decreases to levels similar to MQ61 and 

M00 showing the importance of the diffusivity later in the drying process when hydraulic 

conductivity becomes very low and evaporation is mainly driven by vapor transport to the soil 

surface. M13 is the most robust model tested here and results in the highest diffusivity values 

under dry conditions, leading to lower resistance values. Lastly, the tortuosity formulations that 

approach higher values near oven dry conditions as seen in Figure 2.5 stabilize at lower soil 

resistance values since diffusion is the primary driver of vapor conductance during stage 2. 

Therefore, the maximum magnitude of diffusivity (i.e. through dry soil) is most important when 

considering which diffusivity model to use.  

 

 

Figure 4.15:  The effects of using different soil diffusion models with the TR13 (top) and SL14* 
(bottom) formulations on the relationship of  and  to surface layer saturation for the C5 

model showing higher sensitivity of SL14* 
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Figure 4.16:  Continued 

 
4.7 Capturing Effects of Heterogeneity on the Overall Evaporation Rate 

 Soil heterogeneities present a challenge in modeling soil evaporation, and it is often 

practical to determine some way to capture the behavior at a larger scale without explicitly 

considering the processes involved. There are many studies that explore ways to find effective 

hydraulic properties over a heterogeneous area. However, most of them focus on larger scales 

where the influence of lateral flow between the heterogeneities is negligible [Zhu and Mohanty, 

2002]. The small scale experimental and modeled datasets do show significant effects of lateral 

flow, such that the evaporation from the composite domain is greater than what would be lost in 

separated homogeneous domains [Lehmann et al., 2009]. The modeled dataset allows higher 

resolution and the ability to consider the coarse and fine components separately, allowing better 

insight into the effectiveness of different homogenization techniques when lateral flow is 

relevant. The success of any homogenization efforts is directly affected by the accuracy of the 

resistance when applied to homogeneous domains. Table 4.5 and Figure 4.15 show that TR13  

fits the modeled data stage 1 and transition evaporation well, giving an RMSE of almost a fifth of 

what we would just very well compared to the vdGO94 and SL14 terms. vdGO94 and SL14 both 

predicted significant decreases in evaporation rate too early  in the drying process in the coarse 

and fine columns.  
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Table 4.5:  RMSE values for the comparisons between the modeled output  and those 
determined by the resistance formulations. The overall RMSE as well as those 

corresponding to the specific stages of evaporation are given 

Model Resistance Overall Stage 1 and Transition Stage 2 

Coarse 
Columns 

vdGO94 0.042 0.278 0.017 

TR13 0.021 0.047 0.018 

SL14 0.038 0.234 0.018 

Fine 
Columns 

vdGO94 0.084 0.170 0.010 

TR13 0.015 0.009 0.021 

SL14 0.069 0.128 0.018 

 
 

 
Figure 4.17:  Evaporation efficiency using modeled output for the coarse and fine columns in the 

heterogeneous C2 configuration 
 

 For large scale modeling efforts, finding an effective set of soil properties that capture 

the effects of the lateral flow driven by heterogeneities would maintain accuracy at coarser 
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resolutions.  The arithmetic weighted average of porosity, residual water content, and saturated 

hydraulic conductivity were found to represent a comparable homogeneous domain.  Then 

parameter inversion was carried out to find the optimal van Genuchten (1980) SWRC 

parameters (i.e.  and ) to minimize the error between the modeled (i.e. “Observed’) dataset 

and the Tang and Riley (2013a) evaporation efficiency.  The optimal  and  values were 7.01 

and 4.63, respectively, which caused good representation of the gradual decline in evaporation 

rate seen up until approximately 15 days in Figure 4.16.  After 15 days, resistance due to 

diffusive processes control TR13, and the overall evaporation rate remains higher than in the 

observed model output. Table 4.6 shows the inverted SWRC parameters compared to the 

values determined from the separate sands using common averaging methods. The composite 

SWRC parameters most closely matched those of the harmonic mean. Although, the average 

values of  are all too high compared to that found via parameter inversion, and they struggle to 

capture the region of consistent or slightly increasing evaporation between approximately 17 to 

28 days.  

 

 
Figure 4.16:  Tang and Riley (2013b) evaporation efficiency compared to that observed in the 

multidimensional and multiphase model output 
 
 
 

Table 4.6:  van Genuchten (1980) SWRC parameters, comparing the parameter inversions to 
the three primary methods of averaging data 

 

Inverted Arithmetic Geometric Harmonic 

 7.01 8.38 7.63 6.91 

 4.63 8.88 8.87 8.87 
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CHAPTER 5 

CONCLUSIONS 

 

Changes in precipitation patterns and growth in demand can put great stresses on 

regional water balances, which can lead to negative effects on local economies, broader 

connected markets, and natural resource conservation. Being able to gain insight into future 

climactic trends and plan for drought will help mitigate these effects. The interactions between 

the atmosphere and the land surface are an integral part of the water cycle. However, those 

processes are not fully understood, which leads to many simplifications when modeling the land 

surface. The use of a soil resistance term is one such simplification used to account for extra 

resistance to evaporation at the soil surface that results from drying. Many commonly used 

resistance terms are empirical derivations from narrowly scoped field or laboratory 

measurements that hold little physical meaning. More recently, there have been formulations 

that relate the soil resistance to the diffusion through the dry surface layer that forms after the 

initiation of stage 2 and a formulation that only relies on soil and fluid transport properties. Often 

times these resistance parameters are determined from or tested against limited datasets. 

Being able to control atmospheric conditions applied to soils with known properties, minimizes 

uncertainties in the measured data. Utilizing a fine scale model that internally considers the 

vapor transport that many of the soil resistance terms try to account for decreases the 

assumptions made in modeling and allows for a more robust analysis of these resistance 

parameterizations. The results suggest the formulation with more physical basis shows potential 

to replace the commonly used empirical approaches, leading to improved representation of the 

physical processes and greater applicability across many soil textures. 

This purpose of this research was to investigate the capacity of more physically based 

soil resistance formulations to capture the evaporative flux from homogeneous and 

heterogeneous soil surfaces compared to commonly used empirical relationships. Utilizing 

laboratory datasets and a continuum scale multiphase heat and mass transport model three 

main goals drove the research: (1) compare the mechanistically based Tang and Riley (2013)  

formulation to commonly used empirical terms, (2) test the sensitivity to the tortuosity 

formulation used of  formulations directly depend on the diffusivity through soil, (3) explore the 

effects of the depth at which soil properties are referenced on the soil resistance and 

evaporation rate, (4) and study the application of soil resistance to a heterogeneous domain. In 

general, the mechanistic soil resistance presented in Tang and Riley (2013a) captured the 
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observed evaporative efficiency without the use of a direct empirical relationship between the 

soil resistance and the top soil water content. Its use in land surface models would help 

decrease reliance on empirical relationships that limit their applicability to multiple soil types. 

However, it does not fully capture the observed evaporation efficiency, so further research into 

improved representation of soil water transport mechanisms is needed. 

 Key findings: 

 Initialization of stage 2 evaporation in the Lee and Pielke (1992) and Swenson and 

Lawrence (2014) formulations was improved by incorporation of the characteristic length 

defined by Lehmann et al. (2008). 

 The specific diffusivity function used in the Tang and Riley (2013) and Swenson and 

Lawrence (2014) soil resistance models has the most impact on the terminal stage 2 

evaporation rate since any differences between the formulation under wetter conditions 

are minimal due to sufficient hydraulic conductivity to recharge the surface. The 

relationship between  and saturation is much more sensitive to the specific diffusivity 

model used in SL14* than in TR13 since TR13 also considers the relative resistance due 

to liquid flow. However, the evaporation efficiencies produced by TR13 and SL14* over 

the course of an experiment showed similar degrees of sensitivity to the diffusivity model 

used. The reference depth of the soil parameters had almost no effect on the SL14  

while having significant impact on TR13 in the later period of the drying process. 

 When modeling heterogeneous systems, accuracy of the soil water retention curve 

parameters plays a significant role in the model’s ability to capture the duration of the 

extended stage 1 evaporation due to lateral flow and the accessibility of water deeper in 

the profile to evaporative loss. 

Future Work:   

 Although the fine scale model used in this work is robust and considers multidimensional 

multiphase flow through the subsurface affected by temperature, it still struggles to capture the 

surface vapor concentration near the surface. There are many complex processes occurring 

near the surface which may not be captured using just resistance terms to relate the soil vapor 

transport to the free flow characteristics. I suggest using a model that fully couples the porous 

media and free flow. This should allow better representation of the vapor transport near the 

surface and therefore give a better modeled dataset from which to analyze and compare soil 

resistance formulations. These robust models are needed to advance resistance formulations’ 

connection to physical processes rather than empirical relationships. On the other hand, these 

resistance formulations must also be more thoroughly tested in the models for which they are 
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created for [i.e. large scale models applied to highly heterogeneous and complex natural 

settings] to test the practical application of the improved physical understanding. Incorporating 

resistance formulations into field scale or regional scale simulations that have extensive 

observational datasets available for verification will help bridge the gap between the fine scale 

modeling focused on the physicality to successful large scale implementation. 

More investigation into the use of Kelvins equation to estimate  at a certain location 

from the local matric potential is needed. We do not see that relationship hold true in our 

experimental and modeling efforts as the actual  is often less than that calculated by 

multiplying Kelvins equation by the saturated vapor density. The Kelvins equation is meant to 

relate matric potential to the equilibrium relative humidity at the vaporization plane (i.e. air-water 

interface). However, in CLM and ALM it is always used to determine the vapor concentration at 

the fixed depth of the top soil layer node. The vaporization plane recedes as the soil dries so at 

a certain point this relationship will be applied within the DSL causing the physics behind 

Kelvins equation to no longer apply in the same way. This may be an issue specific to our 

experimental sands with low air entry values and extremely narrow pore size distributions, but 

should be looked into further especially for natural soils. If this parameter is effective at lower 

the surface vapor concentration in a single phase model, that model may be overestimating the 

matric potential values. 
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APPENDIX A 

ACME LAND MODEL 

 

 Applications of improved physical understanding of the water flux between the soil and 

the atmosphere to large-scale models may help to improve their predictions regional and global 

water balances. To properly apply our fine resolution experimental and modeling work at larger 

scales, work was begun to modify a global scale land surface model in order to effectively 

represent the geometry of the wind tunnel tank experiments. This work heavily relied on 

collaboration with Dr. William Riley and Dr. Gautam Bisht at the Lawrence Berkeley National 

Laboratory. 

A.1 Background of ALM 

 The Accelerated Climate Modeling for Energy (ACME) project is a developing earth 

system model sponsored by the U.S. Department of Energy's Office of Biological and 

Environmental Research [Bader et al., 2014]. Improving the understanding of how the 

hydrological cycle and the climate system interact on local to global scales is one of the three 

principle goals of the ACME project [Bader et al., 2014]. This earth system model includes an 

improved form of version 4.5 of the Community Atmospheric Model (CLM4.5), the Model 

Prediction Across Scales (MPAS)-Ocean model, and the MPAS-Community Ice Code for sea 

ice. The land surface component of ACME, ALM, was sourced from the CLM4.5 source code 

after the 85th accepted modification (i.e. "tag"). This land model considers different land cover 

configurations, including a wide spectrum of dynamic vegetation types, glacial and snow cover, 

lakes, and bare soil, and how those configurations are coupled with the surface and subsurface 

hydrology and temperature, carbon and nitrogen cycles, radiative fluxes, dust transport, fires, 

and methane concentrations, and organic matter decomposition. In this project the main areas 

of focus in ALM will be soil hydrology and the associated latent heat fluxes. Although the soil 

temperature profile is modeled in ALM, it is only utilized in biological modeling and does not 

affect soil hydrology. ALM utilizes the Richards equation to model liquid water flow through the 

soil column using a finite difference numerical approach where the soil is normally represented 

with 15 layers and can be coupled to a climate model or run in “offline mode” where a 

meteorological data set is applied. 

A.2 Model Description 

The ACME Land Model [Bader et al., 2014] deals with spatial heterogeneity of the land 

surface by allowing allocation of a hierarchy of land units to each cell (e.g. vegetated, lake, 
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urban, crop, glacier), columns within those land units (e.g. soil, roof, pervious, irrigated 

cropland), and plant functional types (PFTs) describing the effective classification of the 

vegetation in a certain area. The vegetated land unit, soil column, and non-vegetated PFT land 

cover scheme was used to mimic the experiment.  The soil is normally divided into 15 layers, 

which increase in size exponentially to a depth of 42.1 m, over which finite difference analysis is 

utilized. Hydrology calculations are based on the water mass in each soil layer (kg m-2 or mm 

H2O) and are only applied to the top 10 layers as the bottom five layers are considered bedrock.   

Richards equation is used to simulate the soil water mass balance based on the differences in 

soil layer water content. Although Richards equation is numerically simplistic, it assumes a 

constant pressure and molar volume of the gas phase and ignores any advection or diffusion of 

vapor in the gas phase, such that only the liquid water component is considered in the mass 

balance. Temperature effects are neglected when considering the gas and liquid phase flow in 

the soil layers. The truncation error in the finite difference structure of Richard’s equation 

prevents hydrostatic equilibrium in the soil moisture [Zeng and Decker, 2009]. Therefore, ALM 

effectively replaces the elevation head (m), , with an equilibrium soil matric potential dependent 

on the depth of the water table [Oleson et al., 2013]. Hence, the one-dimensional liquid water 

mass balance used with the finite difference scheme is 

 � = [ − ] −  (A.1) 

where  is a moisture sink term (m3 m-3 s-1) representing evapotranspiration losses and the 

equilibrium matric potential  (m) is defined with using the Clapp and Hornberger (1978) 

SWRC at the equilibrium volumetric water content. The, � , is defined at the node depth  of 

the ℎ layer below the surface as 

 � = � ( + − )− ⁄
 (A.2) 

where  is the depth of the water table (m). This equilibrium approach is only applicable for 

soil layers above the water table. When the water table is within a soil layer, �  for that layer is 

determined as a weighted average of the saturated (� , = �) and the unsaturated portion of 

the layer. For a more detailed overview of this procedure, the reader is directed toward Section 

7.4.2.1 in Oleson et al. (2013). 

Currently in ALM, the layer node depths (m) exponentially increase as follows: 

 z = . { [ . − . ] − } (A.3) 

Then the thickness of layer  (m) is determined as 
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 Δ = { . +. + + −− −    =< <=  (A.4) 

where L is the number of layers, the default being 15. From Equations A.3 and A.4, the depths 

of the layer interfaces, ℎ, , are defined as 

 ℎ, = { . + ++ . Δ    <=  (A.5) 

Using finite difference analysis, Equation A.1 is integrated over each layer to give the mass 

balance for the ℎ layer over a single time step (from  to + ) as 

 Δ (� + − � )Δ = − − + − Δ ↔
 (A.6) 

where � +  is the average volumetric water content (-) in the ℎ layer and −  is the Darcy flux 

(mm s-1) from the overlying layer ( − ), defined by the second term in Equation A.1.  

The default ACME model determines all hydraulic properties from the relative 

percentages of sand, clay, and organic matter using pedotransfer functions [Clapp and 

Hornberger; 1978; Cosby et al., 1984; Lawrence and Slater, 2008] and volumetric soil moisture. 

The Clapp and Hornberger (1978) soil water retention curve is used to relate the soil moisture to 

the matric potential. 

 = (��)− −   (A.7) 

The porosity, air-entry matric potential  (m), and fitting parameter  are all determined from 

the weighted contributions of the mineral and organic matter components in the following form: 

 = − +  (A.8) 

where  is a placeholder for �, , or exponent  and  is the fraction of organic mater.  The 

saturated organic matter component is 0.9, -0.0103 m, and 2.7 for � , , , and exponent 

, respectively (Letts et al. 2000).  Clapp and Hornberger (1978) and Cosby et al. (1984) 

define the porosity, saturated soil matric potential (m), and  exponent of the sand and clay (i.e. 

mineral) components as: 

 � =  . − . %  (A.9) 

 , = . − . % ⁄  (A.10) 

 = . + . %  (A.11) 

In this work, two sands with differing SWRCs were used. Since the method in the 

abovementioned equations fail to distinguish between sand types (i.e. all soils used in this work 

were 100% sand) the pedotransfer functions fail to properly capture the matric potential-water 
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content relationships of the three different sands used (Figure A.1). The porosity, air entry value, 

and  parameter for the three sands determined with this method are 0.363, 0.0372 m, and 

2.91, respectively, Only differentiating between soils based on their relative percentages of 

sand, clay, and organic matter drastically reduces the model’s ability to replicate the actual 

hydrologic and thermal properties of the soil layers. 

 

 
Figure A.1:  The SWRC’s measured in separate small cell experiments for the three sands used 

in the wind tunnel experiment compared with the pedotransfer functions and Clapp and 
Hornberger (1978) SWRC used in ALM 

 
The hydraulic conductivity (m s-1) is only called upon at the interfaces between the 

different soil layers in the model and is defined at the interface of layers  and +  by Campbell 

(1974) and Clapp and Hornberger (1978) as 

 ↔ + = [�� ] +
 (A.12) 

where �  and �  are the average water content and porosity between the soil layers  and + .  When calculating the hydraulic conductivity for the bottom soil layer, the values for that 

layer individually are used.  Since this project does not consider soil with  exceeding 0.5, it is 

assumed that there are no pathways of connected organic material spanning the soil profile 

according to percolation theory [Berkowitz and Balberg, 1992; Stauffer and Aharony, 1994].  

Therefore, the saturated hydraulic conductivity is defined as 

 = [ − , + , ]− = ,  (A.13) 
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where ,  (m s-1) is the saturated hydraulic conductivity of the mineral components as 

defined by Cosby et al. (1984) as  

 , = . × − . + . % ⁄  (A.14) 

with ,  being equal to 0.0312 (m s-1) for sand, which differs from the experimental soil 

conductivities given in Table 3.2. 

The model structure considers groundwater storage and recharge separately from the 

soil layer moisture distribution by applying an unconfined aquifer with maximum storage of 5 m 

H2O under the 15 soil layers. Niu et al. (2005) iterates the soil moisture deficit for the entire soil 

column (all soil layers) to find :  

 ∫ � − ��� =∑ �− � Δ=  (A.15) 

Where �  is the volumetric water content at depth  and �  is the average volumetric water 

content and Δ  is the thickness of the ℎ layer from the soil surface. The change in water table 

level over a time step is determined as: 

 Δ wt = ℎ − Δ  (A.16) 

where ℎ  and  are the recharge (gain) and drainage (loss) fluxes from the 

unconfined aquifer,  is the specific yield of the aquifer, and Δ  is the time step of interest. 

Since the water in the soil layers is not directly solved from the water table depth, certain 

constraints must be applied to the soil layer water contents to maintain physically viable values 

(i.e. < � �). For example, if a soil layer with a saturated water capacity of 10 mm has 2 

mm water based on the soil water mass balance and the water table location based on the 

aforementioned process is above that layer (separately saturating the layer), the water content 

in that layer would equal 12 mm which is greater than the saturated capacity based on the soil 

porosity. Therefore, if excess water remains in a soil layer (e.g. 2 mm in the previous example), 

that excess water is successively added to the overlying layer. To avoid negative values, any 

soil layer water content values less than 0.01 mm draw from the underlying layer in order to 

achieve this minimum. If there is not sufficient water in the underlying layers, the water is 

brought from overlying layers with sufficient water, and if there is not enough soil water to 

achieve at least 0.01 mm per layer the deficit is addressed by decreasing  and drawing 

from the unconfined aquifer. 
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A.3 Specific Modifications to ALM 

 The Lawrence Berkeley National Laboratory (LBNL) Climate & Ecosystem Sciences 

Division plays an integral part the development of the ACME Land Model.  I spent the summer 

of 2016 working with Dr. William Riley and Dr. Gautam Bisht. Dr. Riley's research focuses on 

development, testing, and application of numerical models used to represent soil microbial and 

abiotic processes, watershed-scale hydrological and biogeochemical processes, and climate-

scale carbon and nutrient cycle processes. Gautam Bisht concentrates on spatial scaling of soil 

moisture. They both have a great deal of experience with the Community Land Model (CLM) 

and are significant contributors to the development of the ACME Land Model (ALM). Their 

expertise in both CLM and ALM, implementing new additions or modifications into those 

models, and interpreting the output data is an integral factor in further progress with 

incorporating more physically-based formulations verified at the lab scale into the larger scale 

models. With their help, I learned about ALM's background and model structure and how 

changes to the code are made, shared, and verified by the community. Notes and 

documentation of progress have been recorded to aid future progress of this research group. 

In order to effectively relate ALM with our experimental data we needed to make a 

number of adjustments. The ACME Land Model is normally meant for regional or global 

simulations, so it is primarily run on the National Energy Research Scientific Computing Center's 

supercomputers. To gain an understanding of the structure and operation of the Linux-based 

model, I began by running a series of simulations on the supercomputers with a sample large-

scale dataset. Then, in order to simulate the C2 setup of the sand, Gautam Bisht assisted me in 

setting up a domain for the model with nine grid cells. These cells still need to be scaled down 

to the dimensions of the horizontal cross-sectional area of the columns (5 x 9 cm). Since the soil 

in the experiment was not vegetated, I then manipulated the code to indicate that the ground 

cover is entirely bare soil (i.e. all PFTs set to zero). This would ensure there would be no 

transpiration or insulating effects from vegetation simulated in the model. During the 

experiments, the sand was initially fully saturated and allowed to dry, so a fully saturated initial 

condition was implemented into ALM. In ALM the soil water is considered hydraulically 

connected with shallow lateral subsurface flow. This flow could affect the water level in the soil 

layers and therefore was deactivated in ALM since no drainage was allowed from the tank walls 

or base in the experiment. 

The ACME Land Model can either be coupled with the atmospheric model of the ACME 

project such that there are feedbacks between the soil and the atmosphere or it can be run 

"offline" where time-dependent atmospheric data that effectively forces heat and mass fluxes at 
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the soil surface is assigned. This study is not focusing on the coupled interactions between soil 

and the overlying atmosphere so the measured relative humidity, temperature, radiation, and 

wind speed data from the experiment were used as atmospheric forcing data in the ALM 

simulations.  I then compiled and processed measured atmospheric data from the C2 

experimental data set and imported it into the surface data file in the ALM model, which applies 

the atmospheric forcing in offline mode.  

 Additional modifications to the initial conditions and domain structure were needed to 

accurately mimic the experimental conditions. The model splits the soil profile into 15 layers that 

currently exponentially increase in thickness with depth.  To ensure a proper comparison to the 

results of the experimental data, which includes measurements of moisture and temperature at 

2.5, 7.5, 12.5, 17.5, and 22.5 cm below the surface, the layer thicknesses were adjusted such 

that there would be layers centered on those five depths. The number of layers was increased 

to 30 to improve the model resolution, and the thickness of the layers was altered such that 

layer nodes would coincide with the experimental measurement depths (i.e. 2.5, 7.5, 12.5, 17.5, 

and 22.5) while maintaining the 1.75 cm thick top soil layer as seen in Table A.1. As discussed 

earlier, solely relying on the percent composition of sand, clay, and organic matter limits ALM in 

capturing differences between soils. The characterization of the three soils used in this 

experiment give an example of how different sands can have very different properties. The 

focus of this work does not currently focus on the effects of using this simplistic pedotransfer 

functions to determine the SWRC parameters. Hence, the formulation of the hydrologic 

properties was modified using SWRC parameters fitted to the small cell measurements shown 

in Figure A.1. 

Currently, the heat and mass balances in ALM are based on soil moisture, but work is 

being done to fully develop and implement a pressure gradient-dependent, Variably Saturated 

Flow Model (VSFM) that is more robust.  In order to stay at the forefront of the developing 

model, VSFM will be used in our model, which solves for pressures rather than water contents 

in the mass balance equations. As previously discussed, the θ-based Richards equation is only 

applied to unsaturated soil in ALM with a separately determined water table depth. Additionally, 

the finite difference scheme limits the model to one dimensional flow. In order to address the 

limitations of the θ-based Richards equation and allow for multi-dimensional flow, the mass 

conservative form of the variably saturated flow equation (VSFM) as given in Equation 3.1 [Kees 

and Miller, 2002; Farthing et al., 2003; Hammond and Lichtner, 2010] is used instead of the 

modified Richards equation shown in Equation A.1. This method uses the pore water pressure 

profile to unify the water content profile and the water table depth, replacing the unconfined 
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aquifer scheme used in the default model. Additionally, VSFM uses a finite volume method with 

backward Euler temporal integration as opposed to the default finite difference discretization, 

allowing for multidimensional modeling. This equation can be applied to all soil layers in ALM. 

 
Table A.1:  The new layer thicknesses and depths to layer interfaces 

Layer from 
Top 

Thickness 
(Δ ) [cm] 

Interface Depth 
( ℎ, ) [cm] 

Depth to Layer 
Node ( ) 

1 1.75 1.75 0.88 

2 1.50 3.25 2.50 

3 1.08 4.33 3.79 

4 1.08 5.42 4.88 

5 0.83 6.25 5.83 

6 0.83 7.08 6.67 

7 0.83 7.92 7.50 

8 0.83 8.75 8.33 

9 0.83 9.58 9.17 

10 0.83 10.42 10.00 

11 0.83 11.25 10.83 

12 0.83 12.08 11.67 

13 0.83 12.92 12.50 

14 0.83 13.75 13.33 

15 0.83 14.58 14.17 

16 0.83 15.42 15.00 

17 0.83 16.25 15.83 

18 0.83 17.08 16.67 

19 0.83 17.92 17.50 

20 0.83 18.75 18.33 

21 0.83 19.58 19.17 

22 0.83 20.42 20.00 

23 0.83 21.25 20.83 

24 0.83 22.08 21.67 

25 0.83 22.92 22.50 

26 1.42 24.33 23.63 

27 1.42 25.75 25.04 

28 1.42 27.17 26.46 

29 1.42 28.58 27.88 

30 1.42 30.00 29.29 
 

In summary, many changes have been made to the ALM code to work toward the ability 

to mimic the sand tank experiments. Extensive notes on the processes and methods used in 

working with the model have been taken, and will be made available to aid students carrying 
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this work further. Adjustments that are in progress or that will need to be implemented to 

complete this work include finalizing the soil layer thicknesses proposed in Table A.1, 

incorporating different resistance terms into the model, successfully implementing VSFM, and 

modifying the geometry of the grid cells to match the experimental apparatus.  

A.4 Boundary Conditions and Initial Conditions 

In order to compare this model to the experiment described in Sections 3.1 and 3.2, 

boundary conditions and initial conditions must be as consistent as possible. Therefore, the 

model was set such that the soil profile was fully saturated in the beginning of the simulation. 

Normally, subsurface runoff from the soil columns is dictated by the “simple TOPMODEL-based 

runoff parameterization” (SIMTOP) scheme from Niu et al. (2005), but this runoff term was set to 

zero since the experimental tank did not allow for any drainage from the bottom or walls of the 

tank. The water vapor mass flux, , from bare soil utilizes the  factor defined by to Lee and 

Pielke (1992) and tested in Sakaguchi and Zeng (2009). The field capacity formulation ALM 

uses in the Lee and Pielke (1992) formulation (Equation 2.9) is as follows: 

 � = � . , � ,�+⁄
 (A.17) 

where the subscript “1” denotes the value in the uppermost soil layer. Using both the  and  

terms, the ALM evaporative flux from the surface becomes 

 = [ , − ] (A.18) 

where ,  is found in Equation 2.7 with the matric potential and temperature coming from the 

node of the uppermost topsoil layer (at a depth of 0.71 cm in CLM4.5 and the default ALM). The 

evaporative flux found in Equation A.18 is used in the energy balance to find the net energy flux 

at the surface of a bare soil,  (W m-2), as follows: 

 = + − −  (A.19) 

where  is the incoming solar, or shortwave, radiation,  is the net value of the incoming 

longwave radiation and the outgoing back to the atmosphere (W m-2), and  is the latent 

heat of vaporization of water (J kg-1). The radiation values are part of the atmospheric forcing of 

the model. Figure A.2 gives a schematic of the finite difference structure of ALM and the 

appropriate boundary conditions for the single phase hydrology model. 
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Figure A.2:  Conceptual representation of 1D ALM model structure. ↔  is the hydraulic 

conductivity defined at the layer interfaces and related to the average soil moisture 

content in layers  and , , →  is the liquid flux from the center of the ℎ layer to 

the center of the ℎ layer, and the remaining soil properties and state 
variables are defined at the layer node depths (dotted line) 
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APPENDIX B 

LITERATURE REVIEW OF SOIL WATER RETENTION RELATIONSHIPS 

 

 The soil water retention curve (SWRC) describes the relationship between soil 

volumetric water content (�) and soil water potential ( ). Soil water potential consists of four 

components:  matric potential ( ), osmotic potential ( ), pressure potential ( ), and 

gravitational potential ( ) [Campbell, 1988]. Matric potential describes the attraction force 

between the surface of soil particle and water molecules and the attraction force among water 

molecules, as well as the capillary potential, which is caused by the pressure difference 

between the wetting and non-wetting phases. In porous media,  and  are normally 

negligible compared to . Also,  is low if the water has only trace amounts of ions and 

becomes negligible as the soil dries and the  increases. Therefore, the total soil water 

potential is normally set equal to the matric potential. 

B.1 Capillary Range SWRC Models  

 There have been a number of SWRC models developed for the capillary range, but the 

three most widely applied are the van Genuchten (1980), Brooks and Corey (1964), and Clapp 

and Hornberger (1978) models. Brooks and Corey (1964) derived a two-parameter power-law 

relationship to describe soil water retention behavior.  

 = Θ−  (B.1) 

The two fitting parameters of this model are the air-entry matric potential (m), , and the soil 

pore-size distribution index (-), . This model gives satisfactory prediction of water retention at 

median values of relative saturation (Θ). However, the prediction fails at water content close to 

full saturation and leads to infinite matric potential-water content slope at � , which is unrealistic. 

Campbell (1974) simplified the Brooks and Corey (1964) model by using the degree of 

saturation (� �⁄  rather than the effective saturation in Equation (B.1). This simplified approach 

leaves out the fitted �  parameter, which would normally lead to a better fit of the data when � > � , but in cases with variability of data, this more simplistic form may suffice [Cosby et al., 

1984]. This simplistic model has been augmented to be able to fit the saturated region of the 

SWRC by Clapp and Hornberger (1978) and utilized for many field, regional, and global scale 

models, including CLM. Van Genuchten (1980) derived a closed-form four-parameter analytical 

water retention model, 
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 Θ = � − �� − � = + | | −  (B.2) 

or 

 = [Θ− / − ] /
 (B.3) 

where 

 = −  (B.4) 

with Θ as the effective saturation (-), �  as the fitted residual water content (-), m and n as fitting 

parameters related to the width of the pore size distribution (-), and  is a scaling parameter 

related to the pore sizes (m-1). This model gives good soil water retention prediction before also 

asymptotically approaching � , the assumed residual water content.  

 These models have been widely used due to the ease in which they can be fit to 

measured water retention data in the wet region and related to hydraulic conductivity models 

using minimal fitting parameters [e.g. Mualem, 1976]. In the Brooks and Corey (1964) and van 

Genuchten (1980) models, the residual water content is assumed to be the minimum water 

content that allows liquid flow through the soil and therefore is used as a lower limit of water 

content. However, keeping � > �  is unrealistic since oven dry soil is considered to have a water 

content of zero. Multiple studies have measured matric suction at water contents less than �  

[e.g. Campbell and Shiozawa, 1992; Lu, 2016], and the definition of this value is not well defined 

[Lu, 2016]. Representation of the entire range of � is necessary for simulation of evaporation 

and infiltration within dry soil [Zhang, 2011]. The Clapp and Hornberger (1978) model avoids the 

use of � , but the rate at which the matric potential increases causes numerical difficulties when 

moisture content is especially low, causing the Richard's equation to fail in CLM4 [Tang and 

Riley, 2013b]. Some studies have tried to extend van Genuchten (1980) and Brooks and Corey 

(1964) models to describe the matric potential-water content behavior below the residual water 

content as it approaches zero.  

B.2 Extending the SWRC into the Dry Region 

 Campbell and Shiozawa (1992) experimentally found that there is a linear relationship 

between the logarithm of matric suction and the water content at the dry region of water 

retention curve such that, 

 log = − log − log ∗�∗ � − �∗ + log ∗  (B.5) 

and   
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 � = − log − log ∗log − log ∗ �∗ (B.6) 

 

where  represents the matric potential at desiccated conditions and ∗ and �∗ are the matric 

potential and water content separating the adsorption and capillary regions, respectively.  A 

standard value for  has yet to be found since it is dependent on the specific temperature, 

pressure, and humidity conditions of the labs where it is tested. However, observations show 

that the matric potential under oven dry conditions generally approaches a value in the range of 

6.3×106 to 107 cm [Ross et al., 1991; Peters, 2013] but could be much higher for fine textured 

soils [Fayer and Simmons, 1995]. Campbell and Shiozawa (1992) augmented the van 

Genuchten (1980) function to get a water retention model for the whole saturation range by 

setting �  equal to zero, using �∗ as the water content at ∗ = −  kPa, adding Equation B.6 to 

the capillary SWRC function, and refitting the van Genuchten (1980) parameters. Rossi and 

Nimmo (1994) derived a four-parameter sum model (i.e. simply adding two models together) 

and a three-parameter junction model (joining two models smoothly at a discrete point), which 

are both based on the Campbell (1974) SWRC (sets �  equal to zero in the Brooks and Corey 

(1964) SWRC) and Equation B.5, to describe the water retention over the entire range of 

saturation. Fayer and Simmons (1995) modified van Genuchten (1980) and Brooks and Corey 

(1964) functions by replacing the residual water content with Equation B.6 and refitting the data. 

They also offered a method of estimating the newly fitted parameters from the original values, 

such that refitting may be avoided. Khlosi et al. (2006) modified the Kosugi (1999) SWRC model 

with the semi-log expression of Campbell and Shiozawa (1992) applied to the dry region in a 

similar way to Fayer and Simmons' substitution within the van Genuchten (1980) model. Webb 

(2000) extended the van Genuchten (1980) SWRC past the �  to oven dry conditions without 

adding any extra parameters by setting  to 10-7 cm and iteratively solving for �∗ such that the 

negative of the slope of the capillary SWRC at �∗ multiplied by the saturation at that point would 

equate to 10-7. This forces the first derivatives of Equations B.2 and B.6 to be equal at �∗. By 

utilizing the original van Genuchten fitting parameters to find the water content �∗ that divides 

the adsorption and capillary regions, Webb (2000) avoids having to refit parameters to the 

experimental data [Webb, 2000; Schneider and Goss, 2012]. Zheng (2011) used the Webb 

(2000) SWRC extension in conjunction with an extended conductivity model that accounts for 

both capillary and film flow. 

 Khlosi et al. (2007) tested the Campbell and Shiozawa (1992), Rossi and Nimmo (1994), 

Fayer and Simmons (1995), Webb (2000), Groenevelt and Grant (2004), and Khlosi et al. 



101 

 

(2006) models with 137 soil samples. The results showed that the fitting errors for Fayer and 

Simmons (1995), Webb (2000), and Khlosi et al. (2006) were smaller than those of other 

models and that Khlosi et al. (2006) gave the most satisfactory results for fitting the observed 

data of all 137 samples. He also suggested that the Khlosi et al. (2006) model provided a strong 

correlation between its fitting parameters and basic soil properties. Lu et al. (2008) then tested 

the Fayer and Simmons (1995), Webb (2000), and Khlosi et al. (2006) models against 

experimental data with 8 different field soils ranging from sand to silt and clay from full 

saturation to oven dryness. The results of this study showed that the Webb (2000) and Khlosi et 

al. (2006) models provided more precise fits than that of Fayer and Simmons (1995), especially 

for soils with higher clay and organic matter contents.   

 

 


