ABSTRACT

MATHERS, CARA ANNE. Evaluating the Effects of Soil Moisture, Texture, and Potential
Evaporation on Dry Surface Layer Formation. (Under the Direction of Dr. Joshua Heitman).
Modeling systems at the land-atmosphere interface aim to predict the flux of gases into
and out of the soil, in order to make estimates regarding surface energy balance, climate, and air
quality. At this interface, gas movement is moderated by the presence of a soil dry surface layer
(DSL) which increases resistance to gas flow. While gases diffuse more easily in dry soil than
wet soil, the formation of a DSL increases the path length for diffusion from the soil surface to
the moist soil below where the gases typically originate (upward flux), or from the atmosphere to
the subsoil where atmospheric gases interact with other soil processes (downward flux).
Formation of a DSL will depend on both the physical characteristics of the soil and the water
vapor gradient, as influenced by environmental conditions. However, common models for DSL
thickness typically rely only upon soil relative wetness for prediction, and are empirical in
nature. Testing these models with physical observations is imperative. Two sets of experiments
were performed to test soil-condition and boundary effects on DSL formation. In the first
experiments, DSL thickness was analyzed in short (10 cm) soil columns of varying texture (sand,
sandy clay loam, clay loam) and initial water content (low and high water content; both below
field capacity) set to a potential evaporation (PE) rate of 0.65 mm h* for 24 h using a heat lamp.
The coarser textured soils produced thicker DSLs, and soils of the same texture but with lower
initial water contents also produced thicker DSLs than their higher water content counterparts.
In the second set of experiments, sandy clay loam and clay loam soils were packed in long
columns (30 cm) to extend the duration of drying to 10-14 days, as a means of observing drying

dynamics in late-stages of evaporation. Water contents and bulk densities were the same as in



the previous experiments, and the columns were tested at low, moderate, and high PE rates (0.33,
0.65, 1 mm h'). Despite evaporation rates decreasing quickly, and converging across soil
conditions, DSL thickness differed between PE rates, with high PE leading to thicker DSLs. We
introduced a physically-based DSL model, which depends on cumulative evaporation, initial and
residual water contents, and compared its output to the column data. The evaporation-based
model performed better than a relative-wetness based model. The two studies suggest that, while
soil texture and water content do play a role in the formation of a DSL, evaporation is the main
driver and determinant of DSL thickness. As such, evaporation should be taken into account

when predicting DSL thickness.
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PREFACE

Our Earth is a dynamic, complex web of interconnected systems. Elements cycle through
the land, oceans, and atmosphere at various time scales. Abiotic elements interact with biotic
actors, and compounds may change their state of matter or undergo chemical evolutions to
produce new compounds. General land models, sometimes referred to as Earth system models,
aim to explain the movement of chemicals of import. These models, necessarily simplifications
of the actual processes, allow us to better understand short-term and long-term natural processes,
and ultimately, their impacts to the biosphere.

The land-atmosphere boundary is an interface for the exchange of gases, which may
diffuse out of or into soil depending on relative concentrations, as described by Fick’s first law
of diffusion (Troeh et al., 1982). The rate of gas movement out of soil is in part mediated by a
thin layer at the soil surface known as a dry surface layer (DSL). While a DSL may measure
only millimeters in thickness, it has far-reaching implications due to its effect on gas
exchange. Knowledge of DSL characteristics (i.e. thickness, rates of growth, moisture content)
will aid in the understanding of the availability of natural resources, help to better manage
agricultural systems and inputs, and allow more accurate modeling of climatic conditions.

Water is an example of an important compound that bi-directionally moves across the
land-atmosphere boundary. Water access is at present a critical issue, and will only be
exacerbated in the future with a decline in available water. Water resources are predicted to
decrease in Southern Europe, the Near East, Northern and Southern Africa, and Central America
and Mexico (Gerten et al., 2011). The amount of groundwater depletion has risen substantially
in the last half century (Wada et al., 2010), and worldwide water consumption is only predicted

to increase (Ercin and Hoekstra, 2014). According to the Global Water Institute, 700 million



people worldwide could be displaced by water scarcity by 2030 (Hameeteman, 2013).
Therefore, accurately modeling the hydrological cycle of potentially water-stressed regions is of
major concern.

DSL thickness has been used as a parameter to calculate the resistance of water vapor
diffusion in the evaporation component of hydrologic models. Incorrect values for DSL
thickness and soil resistance can lead to gross over or under predictions of evaporation (Tang and
Riley, 2013). Agriculture strains freshwater resources; irrigation of crops must maximize water
use efficiency, and consider soil moisture and evaporation to do so (FAO, 2012).

Evaporation of soil water also impacts weather patterns and energy balance at the land-
atmosphere interface. Soil moisture content at the soil surface can influence precipitation rates
(Findell and Eltahir, 1997). If the topsoil is dry, surface air temperature will be raised; in Asia,
this enhances monsoon events and leads to more precipitation in the south, and less in the north
(Zhang and Zuo, 2011). Soil moisture, or the lack of, has also been held responsible for heat
waves, as evapotranspiration and latent cooling is moderated by the presence of a DSL (Fischer
and Seneviratne, 2007).

While soil resistance terms have been used specifically to describe water vapor diffusion,
the DSL can be implicated in the movement of other gases, such as ammonia and carbon
dioxide. Ammonia is produced through microbial processes as an end product of organic residue
decomposition, or is directly applied to agricultural fields as synthetic fertilizer. The amount of
annually applied nitrogen has steadily increased, and demand for nitrogen fertilizers globally is
increasing (Lu and Tian, 2017). In the atmosphere, ammonia readily reacts with other
compounds to form fine particulate matter, and is therefore a health concern (Renard, 2004).

Carbon dioxide is the end-product of soil microbial respiration of organic matter and root



respiration, and has the largest atmospheric concentration of the greenhouse gases (Blasing,
2016). As the globe continues to warm, carbon dioxide production in the soil will increase as
microbial activity heightens (Mikan et al., 2002).

The objective of this thesis is to better understand the dynamics of a DSL under a variety
of conditions, in order to increase our knowledge on the physical mechanisms that control DSL
growth. The first chapter evaluates the effect of soil texture and initial moisture content on DSL
formation in short-term (24 h) column experiments. The second chapter discusses the effect of
potential evaporation rate on DSL growth of two soils with different textures in long term (10-14
day) experiments. The final chapter provides a brief synthesis of results and discusses

opportunities for additional research.
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CHAPTER 1. Evaluating the Effect of Soil Moisture and Texture on Dry Surface Layer

Formation

Abstract

Gas flux from within the moist soil profile to the atmosphere is in part limited by the
formation and eventual thickness of the soil dry surface layer (DSL), a characteristically thin
layer of topsoil which is approximately air-dry. Implications of DSL thickness and associated
soil resistance to gas flux include modeling the nitrogen and carbon cycle, and quantifying crop
water balance. The characteristics of the DSL give insight into the sensitivities of the soil-
atmosphere interface, yet research on the physical processes which control DSL formation is
lacking. The objective of this study is to better understand DSL formation and evolution by
measuring DSL thickness under varying conditions. A series of short column (10-cm length)
transient evaporation experiments were carried out in which soil texture (sand, sandy clay loam,
clay loam) and initial moisture content were selected as test variables. Soil water evaporation
rates were determined by mass loss, and columns were destructively sampled to measure DSL
thickness at 1, 3 and 24 h as evaporation progressed under the influence of a heat lamp. The
bottom boundary of the DSL was distinguished via color contrast and/or change in consistency
from the moist underlying soil. Evaporation rates were dependent on initial soil moisture
content, with a thicker DSL formed at lower initial moisture contents for the same soil. A simple
evaporation-based model, utilizing DSL moisture content, was found to better predict DSL
thickness than current empirical models. Results of the study can aid in the prediction of DSL
dynamics, and help modelers who seek to create a texture-dependent, physically based soil

resistance term.



I. Introduction

Evaporation from bare soil surfaces takes place in three phases, which vary in duration
among soil textures and under different evaporative demands (Campbell, 1971). In the initial
constant-rate stage of evaporation, meteorological conditions, and therefore the vapor pressure
gradient, control evaporativity (Hillel, 1998). Radiation, wind velocity, temperature, and
humidity all factor into an environmental potential evaporation rate (Pan and Mahrt, 1987). As
evaporation proceeds and water is lost from the soil surface, a water potential gradient forms,
and this prompts water movement from deeper soil layers (Monteith, 1981). However, as the
soil dries, water conductivity is reduced and transport of water to the surface cannot match the
rate at which it is being lost. Eventually, the actual evaporation rate becomes less than the
potential rate, as evaporation is now limited by the soil’s ability to deliver moisture toward the
surface. This is sometimes referred to as the intermediate stage of soil water loss (Hillel, 1998).
The final stage of evaporation is characterized by a slow, steady rate of loss, where evaporation
occurs at the bottom boundary of a dry surface layer (DSL) of soil and the underlying moist soil.
Continued soil water loss is via the vapor phase, as water vapor diffuses through the DSL to the
atmosphere.

The DSL has been described as a thin, transient layer of topsoil which is approximately
air dry (Budyko, 1963). In this layer, all free water has been lost, and water vapor diffuses from
the bottom of the DSL, the evaporative front, to the soil surface (Kobayashi et al., 1998). The
presence of a DSL restricts the flux of water vapor and other gases, compared to conditions
where gases are released immediately at the soil surface, because of the increased path length for
diffusion (Song et al., 2018). As the DSL grows, the evaporative front subsequently moves

downward and increases the path length for gas diffusion to the soil surface, thereby further



increasing resistance. The DSL, while typically only millimeters to centimeters thick
(Yamanaka et al., 1998; Yamanka and Yonetoni, 1999; Goss and Madliger, 2007), plays an
important role in the cycling of gaseous forms of carbon, nitrogen, and water. Therefore,
accurately predicting its thickness is vital to modeling efforts for gas exchange between soil and
the atmosphere.

The flux of water vapor and other gases from the soil to the atmosphere can be described
using the resistance analogy, which includes resistance to diffusive transfer through the soil (van
de Griend and Owe, 1994). There have been many empirical functions used to represent the soil
resistance term, but it is commonly described as the ratio of a path length to a gas diffusion
parameter (Mahfouf and Noihan, 1991). For instance, soil resistance (W m™ K) for water vapor

diffusion is defined in Sakaguchi and Zeng (2009) as:
Risoil = % [1]

where L is dry layer thickness and D is a diffusion coefficient for water vapor.

The Community Land Model’s (Oleson et al., 2007) hydrological cycle includes a soil
resistance term, however, it was found to over predict evaporation. Sakuguchi and Zeng (2009)
included Eq. [1] in an attempt to improve the empirical soil resistance term of the Community
Land Model version 3.5 (Oleson et al., 2008) in order to reduce resultant excess evaporation.
The resistance model represented in Eq. [1] is empirical, yet rooted in the principle of Fick’s first
law of diffusion (Jaynes and Rowgowski, 1983). Gases will diffuse across a path length due to a
concentration gradient, and molecular weight and temperature will define their diffusivity.
Sakaguchi and Zeng (2009) adopted a convenient empirical expression for D from Moldrup et al.

(1999). However, since an appropriate formulation for DSL thickness L was not available, an



empirical formulation was proposed based on the work of Kondo et al. (1990), assuming that

diffusion distance is related to soil relative wetness. They defined L as

exp[(l—gel )W]—l

L=d [2]

0,

where d is soil diffusion layer thickness, which defines maximum L; 5 is relative soil

sat
wetness; w is an empirical parameter controlling concavity of the relationship between L and

0,

sat

;and e is 2.718.

Swenson and Lawrence (2014) found that the soil resistance values from the Sakaguchi
and Zeng (2009) equation still led to excess evaporation in comparison with GRACE-TWS
(Tapley et al., 2004) and FLUXNET-MTE data (Jung et al., 2009), and critiqued the lack of
experimental data to support this resistance term. Swenson and Lawrence instead proposed a
new moisture-based DSL parameterization, in which the moisture content threshold at which a
DSL initiates depends on the soil’s porosity. While the output had better agreement with
GRACE-TWS and FLUXNET-MTE data, their DSL formulation is still not rooted in
experimental observations, and is empirically fit to GRACE-TWS data.

Initial moisture conditions have been used to estimate surface evaporation in hydrologic
models (Choudhury and Monteith, 1988; Kondo et al., 1990), and soil relative wetness, the ratio
of initial water content to porosity, is the only input variable in Eq. [2]. While an empirical
relationship between moisture condition, evaporation, and soil resistance has repeatedly been
established (Shu Fen Sun, 1982; Camillo and Gurney, 1986; Bittelli et al., 2008; Smits et al.,
2011), experimental validation is still needed to understand the actual effect of initial moisture

content on DSL formation.



To-date, most experimental research performed on soil resistance to evaporation and DSL
thickness has been confined to sandy soils (Yamanaka and Yonetoni, 1999; Shokri and Or, 2011;
Deol et al., 2012; Han and Zhou, 2013). The growth and dynamics of the DSL have seen little
study using other soil textures. Further evaluation on a broader range of textures is needed as
soil resistance formulations utilizing empirical expressions for L continue to proliferate in other
models and publications (e.g., Cooter et al., 2010; Miguez-Macho and Fan, 2012; Cuntz et al.,
2016). Checking the soundness of empirical expressions for L over a broad range of soil
conditions is critical for the success of such models. This work seeks to better understand the
effect of texture and initial water content on the formation of a DSL, and to compare
experimental data with the Sakaguchi and Zeng (2009; hereafter S&Z) model output to evaluate

whether it can be supported with physical observations.

Il. Materials and Methods

Three soil materials with unique hydraulic properties covering a range of textures were
selected to analyze DSL formation: sand, sandy clay loam, and clay loam. Soil was oven-dried,
passed through a 2-mm sieve, and homogenized. Particle size analysis was conducted with the
hydrometer method and sand sieving method (Gee and Or, 2002). Saturated hydraulic
conductivity was measured with a constant head approach following Reynolds et al. (2002), and
water retention was performed at low pressures of 0, 1, 3, and 10 kPa on a sandbox (Eijkelkamp,
Giesbeek The Netherlands), and in high pressure chambers at 33 and 1500 kPa (Dane and Topp,
2002). Saturated hydraulic conductivity and water retention measurements were performed at
the same bulk densities used in the experiments for each soil (described below). Sand, silt, and
clay percentages, bulk density, and saturated hydraulic conductivity are presented in Table 1;

water retention data are presented in Fig. 1.
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While soil water content, bulk density, and evaporative demand will all influence soil
water evaporation for a given soil texture, water content was isolated as the variable of interest in
these experiments, with the others being held constant. Moist sand, clay loam, and sandy clay
loam were packed at bulk densities of 1.48, 1.20, and 1.25 g cm, respectively; these bulk
densities were easily repeatable when packing and were stable under laboratory conditions such
that there was limited settling. Sand (S) was tested at initial water contents of 0.03 and 0.05 cm?®
cm3, clay loam (CL) at 0.07 and 0.15 cm® cm™3, and sandy clay loam (SCL) at 0.10 cm® cm,
These water contents allowed DSL formation and the ability to observe falling evaporation rates
within the span of a day. A distribution of water contents (low and high) enables us to separate
the effect of initial water content on DSL formation among textures, and also to examine the
S&Z output in comparison to observed DSL thickness. The S and SCL water contents were
selected because they are near field capacity, representing soil conditions after drainage (Fig. 1).
The CL water contents were chosen as complements to S and SCL, and provide similar relative
wetness values which serve as an additional point of comparison (Table 2).

Six 10-cm long open top columns for each soil condition, constructed of 10.16 cm inside
diameter polyvinyl chloride (PVC), were placed under infrared heat lamps (Hatco GRAH-36
120V, Hatco Corporation, Milwaukee W1), installed 25-cm above the columns. Uniformity of
heating by the lamps was assessed by measuring temperature at a series of coordinate points on a
heated surface below the lamps with an infrared thermometer prior to the experiments. Columns
were accordingly placed underneath the lamps to minimize temperature variance. A heat flux
plate (REBS HFT 3.1, Campbell Scientific, Logan, Utah) was used to measure the heat flux at
the soil surface of a packed dry sand column, to assess heat input. When covered with a thin

layer of sand, the average recorded heat flux was 162 W m=2. Air temperature above the columns
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was 45°C, and relative humidity remained between 10-15%. Potential evaporation rates were
determined via a simple pan evaporation experiment. A potential evaporation rate of 0.65 mm h
was observed under these conditions. This qualifies as the potential evaporation rate for a
“temperate summer” (Van Bavel, 1966).

During each experimental run, soil water evaporation rates were determined manually
(0.01 g resolution) every 30 minutes for the first three hours, once an hour for the following two
hours, and one final time at the end of the experiment (24 h). Two columns were destructively
sampled to measure the progression in DSL thickness at one hour, three hours, and at the
experiment’s end. The bottom boundary of the DSL was distinguished via color contrast and/or
friability from the moist underlying soil. Water contents of the DSL and moist subsurface layers
were determined via oven drying for each destructive sampling interval. In total the experiments
included five runs, encompassing five separate soil conditions (i.e., initial water content-texture
combinations); from this point forward soil conditions will be referenced by their USDA texture
class symbol and corresponding volumetric water content (Table 2, e.g. S 0.03 corresponds to
sand at an initial water content of 0.03 cm® cm).

Subsequent analysis of evaporation rates, DSL thickness, and DSL water content, were
performed after calculating mean values and the standard deviation from each set of
observations. The sample size was six columns for the DSL water content, two columns for DSL
thickness at each sampling time, and ranged from six to two columns for evaporation rates,

depending upon the number of columns remaining after destructive sampling.

I11. Results

Evaporation versus time curves for each condition exhibit the same general trend,

although evaporation rates differ among the three soil textures and initial moisture contents (Fig.
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2). Recorded evaporation rates fell between the first measurement at 30 minutes and the second
measurement at 1 hour, indicating an almost immediate transition to soil-limited rather than
vapor demand-controlled evaporation (i.e. the soils could not meet the potential evaporation
rate). Evaporation rates continued to decrease with time, with values approaching or
significantly < 0.1 mm h'! at the experiment’s end. During the final two hours of the observation
period (time >1200 minutes), water loss was <10% of the cumulative total (Fig. 3).

Evaporation rates are partially a function of initial water content; the greater the initial
water content, the higher the evaporation rates for the same potential evaporation. This is
evident when analyzing evaporation rates of the same soil initially set at different moisture
contents, but also when comparing the three textures (Fig. 2). Wetter soils will have greater
hydraulic conductivity and more available free water to satisfy evaporative demand. The
evaporation rate of S 0.05 is greater than S 0.03, and CL 0.15 is greater than SCL 0.10; in both
instances, the soil condition with a larger relative wetness has a higher evaporation rate (Table
2). Cumulative evaporation, from highest to lowest, is as follows: CL 0.15, SCL 0.10, CL 0.07/S
0.05, and S 0.03 (Fig. 3).

Water content sampled just below the DSL and at the bottom of the column are
maintained at a level near the initial water content for the duration of the experiment (Fig. 4).
This suggests that observed evaporation and DSL dynamics were not simply an artifact of the
columns drying out or constrained by column length. Fig. 5 shows the growth of the DSLs over
time for the tested conditions. After 1 hour, DSL thickness is less than 10 mm; it deepens to 10-
30 mm after 3 hours and by the experiment’s end is between 30 and 50 mm. Maximum DSL
thickness, from greatest to least, is as follows: S 0.03, CL 0.07, SCL 0.10, S 0.05, and CL 0.15

(Table 2). DSL thickness is generally converse to initial water content. The lower the initial

13



water content, the greater the DSL thickness at comparable cumulative evaporation. S 0.03 and
CL 0.07 have a similar DSL thickness at 24 hours; however, more water is needed to evaporate
from the CL (higher average evaporation rates: Fig. 2) in order to reach this maximum thickness
(Table 2).

In contrast to the combination of CL 0.07 and S 0.03 having similar DSL thickness, CL
0.07 and S 0.05 both had similar evaporation rates and similar relative wetness (Fig. 2), yet the
DSL was thicker in the CL than the S after a near equivalent amount of cumulative evaporation
(Fig. 3). The water content of the CL 0.07 DSL, 0.03 cm3cm3, is much greater than that of the S
0.03, 0.001 cm3cm™ (Fig. 4). Finer textured soils retain more water at a given pressure than do

coarser textured soils (Fig. 1).

1. Discussion

The experiments as performed were not replicates of field conditions and instead
represent specific, limited conditions. There was a constant heat source with constant
evaporative demand applied to the soil columns for a full 24 hours. Soil was never allowed to
rewet. Wind/air circulation was also not a tested factor. However, the main objective was not to
use these specific experimental results to predict DSL formation in the field, but to better
understand the impacts of initial water content and texture on DSL growth by simplifying
physical conditions.

The experimental results from this study suggest certain limitations in the assumptions
used to describe DSLs for gas resistance in land surface models. For example, setting the
diffusion layer thickness or topsoil thickness in Eq. [2], di, to a value such as 1 cm as in the EPA
Community Multiscale Air Quality Model (CMAQ) (Cooter et al., 2010) specifies a maximum

DSL thickness that could be easily surpassed over the course of several hours in a bare soil
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during summer months. As shown in Fig. 5, at the 3 hour sampling point, four of five conditions
tested had reached or surpassed a value of 1 cm for the DSL (Fig. 5). Where water is limited,
time plays a major role in the thickness of the DSL. As time progresses, the depth of the
evaporation front continues to move deeper into the soil profile. Yet, there is no way to account
for time in the DSL model represented by Eq. [2]. In Fig. 6, error between observed and S&Z
DSL thickness (Eg. [2]) is shown, using two different values of di: 1 cm to correspond with the
CMAQ model, and 10 cm to signify the entire column length. A larger d; will increase the
maximum possible DSL thickness, and reduces error for later drying (i.e., 24 hour observations)
as in our measurements. However, this still creates a large error for earlier drying (< 3 hours)
and does not entirely resolve the issue for longer drying times.

Relative wetness is the only specific determinant of DSL thickness in Eq. [2]. Figure 7
presents a linear regression between maximum observed DSL thickness (at the experiment’s end)
and the relative wetness of the soil. There is a positive relationship between cumulative
evaporation and relative wetness of soil, and a negative relationship between maximum DSL
thickness and relative wetness while the potential evaporation rate was held constant across
experiments (Table 2 and Fig. 7). Bresler et al. (1969) also found that a greater initial soil water
content led to more cumulative evaporation. A wet soil is able to better supply evaporative
demand, and water easily moves via capillary action to the evaporative front at the soil surface,
preventing the downward movement of the evaporative front, i.e., drying. It is wholly
unsurprising that dry soils will dry out faster than wet soils, and that DSLs of unequal depths are
produced. However, with two differently-textured soils that have the same relative wetness and
are subjected to the same potential evaporation rate, DSL thickness differed in the experiments.

CL 0.07 had a significantly thicker maximum DSL thickness than did the S 0.05 (p = 0.03). CL
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0.07 is already substantially dry; CL has a much more negative soil water potential than S, even
at the same relative wetness (Fig. 1). The water held in micropores and water strongly sorbed to
clay particles in thin films remain unavailable for evaporative loss; therefore, “free” water deeper
in the soil profile is needed to supply the demand, and the evaporative front will move
downward. This enables a thicker, yet wetter CL DSL compared to that of S. According to the
S&Z model, S 0.05 and CL 0.07 should have an equivalent DSL thickness because they have the
same relative wetness. A simple linear regression model for relative wetness and maximum
observed DSL thickness has an R? statistic of 0.68; this indicates that while relative wetness does
have a large effect on DSL thickness, it is by no means appropriate to consider by itself as a

predictor of DSL thickness (Fig. 7).

Evaporation Model

Liquid water in a soil may vaporize with an input of energy, and vapor moves from the
soil to the atmosphere when a potential gradient exists. Evaporative demand, however, will only
extract water that is not tightly bound to soil colloids, leaving the hygroscopic or residual water
behind. The layer of soil in which only residual water remains is the DSL. We hypothesized
that DSL thickness could be predicted using the concept of mass balance together with
evaporation rate, and initial and residual water contents as an alternate to empirical models.

Fig. 8 conceptualizes the distribution of soil water after a drying event has occurred. The
area between the bounds of an upper range (initial water content) and a lower range (residual
water content) from the soil surface to the evaporative front (bottom boundary of DSL)
represents the amount of water loss during drying. If we know or can estimate the initial soil

water content (6;), and additionally the residual water content (6;) and cumulative evaporation
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(E), then we can predict the depth of the evaporative front (L), or the bottom boundary of the

DSL with the following simple model; hereafter referred to as the evaporation model:
L=E/(6i-6) [3]

This model assumes that all water lost to evaporation is sourced from the DSL, and the DSL
water content is not gradated, i.e., it has a homogenous water content equal to 6. The greater the
difference between the initial water content and residual water content, the thinner will be the
DSL, because there is more extractable water. When analyzing uncontrolled conditions,
evaporation may be measured, for example, in situ using lysimeters, or predicted with the
Penman-Monteith equation which requires several inputs (temperature, relative humidity, wind
speed, radiation) to understand surface energy balance (Allen et al., 1998). It is possible to
determine residual water content of the DSL via the oven drying method, or by estimating the
value using a model available in the literature.

DSL thickness for all five soil conditions at each of the destructive sampling times was
computed using the average cumulative evaporation, and we initially evaluated the evaporation
model by setting 6 to the measured DSL water content. When comparing DSL thickness of
destructed columns to the evaporation model, the fit is generally quite good (R? = 0.93; Fig. 9).
DSL thickness in the evaporation model is, however, overestimated at the later sampling times.
This could be due to the movement and loss of water that is below the evaporative front. The
water contents measured below the DSL were close to, yet slightly lower than, initial water
content (Fig. 4); this minor disparity, over a depth of several cm, could account for the difference
between measured DSL thickness and the model’s predictions. Yet, as a whole, the evaporation
model performs far better than the S&Z model (Table 3). Uncertainty in DSL measurement of
the fine textured soils and/or the inability of the model to account for liquid water loss from
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below the bottom boundary of the DSL likely drove scatter.

We also tested two additional residual water content models from the literature to
determine whether they would give a reasonable prediction of DSL thickness when coupled with
the evaporation model (i.e., when DSL water content is not known from sampling). In the
Campbell-Shiowaza-Rossi-Nimmo model (hereafter CSRN model; Campbell and Shiowaza,
1992; Rossi and Nimmao, 1994; Resurreccion et al., 2011), an empirical relationship is

established between water content and the logarithm of water potential:

log () = (SL)8, [4]

Pret comes from Resureccion et al. (2011) and is set to a value of -10*°* m H20, and SL is slope

based on a data set from Schneider and Goss (2012)

SL = 1 [5]

T -0.109- [clayfraction]—0.003

Water potential for our experimental conditions was calculated using:

P = %ln(rh) [6]

where R is the ideal gas constant 8.3145 J mol* K%, T is temperature (K) , My is the molecular
weight of water 18 g mol™, and rh is relative humidity.

In the CSRN model, the residual water content of the sand is slightly higher, and the
residual water contents of the sandy clay loam and clay loam are slightly lower than our
measured DSL water contents (data not shown). However, with these values used as 0y in the
evaporation model (Eq. [3]), there is strong agreement between predicted and measured DSL

thickness (Table 3).
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The Tuller and Or model of gravimetric residual water content (Tuller and Or, 2005) is

described in Resureccion et al. (2011) as:

ASV
On= prA(3 m [7]

where On is gravimetric residual water content, pw is the density of water (1 kg m=), SA is
surface area (m? kg), Aq,,; is the effective Hamaker constant (-6-102° J), g is the acceleration
due to gravity (9.81 m s2), and V¥ is soil water potential (estimated using Eq. [6] and converted
from J kg to m H,0).

We estimated SA of textures based on their particle size distribution, and converted ®m to
Or based on the bulk density of the columns. Predicted values for 6, of the three textures are all
lower than the measured DSL water content (not shown). However, the fit between the
evaporation model and measured DSL thickness is still good when the water content from the
Tuller and Or model is input as 6 (Table 3).

The proposed evaporation mass balance model, while still simple, is influenced by more
parameters than the S&Z model, and is therefore able to more accurately account for DSL
dynamics. Residual water content depends on soil texture, thereby adding an embedded soil
texture parameterization. Cumulative evaporation is partially a function of potential evaporation
rates; the greater the demand for water, the more water loss there will be. Modeling the DSL
thickness with the evaporation model therefore allows the DSL to grow over time as cumulative
evaporation increases. The S&Z model has no relationship with time, and its single output may
correspond well at an early stage of drying but not at a late stage, or vice versa (Fig. 6). While
using DSL water content as 0y in the evaporation model provided the best fit because it offers the

closest physical representation, the CSRN or Tuller and Or models would also be appropriate.
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Concluding Remarks

The objective of the study was to evaluate the effects of initial moisture content and
texture on DSL formation, and to assess the ability of current models to predict DSL thickness.
It was found that while initial soil moisture content is an important factor to consider, it is not
appropriate to use alone in DSL prediction. In our experiments, two soils of different textures,
with equivalent relative wetness and set to the same potential evaporation rate, produced DSLs
of different lengths; finer textured soils with greater water retention capability will produce
thicker DSLs when set to the same relative wetness. The S&Z model of DSL thickness fails to
incorporate texture and also does not account for time, and so a simple, evaporation-based model

which does consider both time and texture ultimately performed better.
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VIII. Tables and Figures

Table 1. Particle size distribution, bulk density (pb) and saturated hydraulic conductivity (Ks) of experiment soils.

Soil Sand Silt Clay b Ks

% % % gcm? cmd?

Sand' 100 0 0 1.48 2400
Sandy clay loam?* 68 7 24 1.25 120
Clay loam? 24 49 27 1.20 15

T Sand is a washed play sand, purchased from a hardware store. 5.23% of particles within range of 1-2 mm, 28.77% within range of 0.5-1 mm, 53.77% within range of 0.25-0.5
mm, and 12.23% of particles < 0.25 mm.

¥ Greenville soil series from Georgia. Greenville classifies as fine, kaolinitic, thermic Rhodic Kandiudults. Provided by David Mann at the BASF Holly Springs Research Farm.

8 Drummer soil series from Indiana. Drummer classifies as fine-silty, mixed, superactive, mesic Typic Endoaquolls. Provided by David Mann at the BASF Holly Springs
Research Farm.
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Table 2. Maximum observed dry surface layer (DSL) thickness after 24 hours for soils at differing initial water contents, in
conjunction with measured cumulative evaporation, and relative wetness (ratio of initial moisture content to porosity of soil).

Soil Water Content  Relative Wetness ~ Cumulative Evaporation Max DSL Depth
cm®*cm -- mm mm
Sand 0.03 0.07 151 51
0.05 0.12 2.37 39
Clay loam 0.07 0.12 2.11 50
0.15 0.25 3.50 34
Sandy clay loam 0.10 0.20 3.04 41
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Table 3. Comparison of measured dry surface layer (DSL) thickness with the Sakaguchi and Zeng (S&Z) model and the evaporation
mass balance model using the oven-dry water content of experiment DSLs, Campbell-Shiowaza-Rossi-Nimmo (CSRN) model, and
Tuller and Or model to calculate residual water content; root mean square error, R? statistic from simple linear regression, and p value
from ANOVA are provided (n = 15).

Evaporation Mass Balance Model

S8 Model D?:I(;n\i\é?\ier CSRN Tuller and Or
RMSE (mm) 28.9 4.8 5.8 6.7
R? 0.018 0.93 0.89 0.87
p value 0.64 <0.001 <0.001 <0.001
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Figure 1. Water retention curve for three soils used in the experiment designated in the legend
with official USDA soil texture acronyms. Water retention from 0-100 cm was tested using an
Eijkelkamp Sandbox, and 333-15000 cm with a high pressure chamber. Error bars signify one
standard deviation, and lines have been added to aid visual interpretation of trends.
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Figure 2. Average evaporation rates calculated for the soil columns as a function of time.
Error bars signify one standard deviation. Legend indicates the texture-initial moisture
combination for each experiment trial.
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Figure 3. Average cumulative evaporation versus time. Error bars signify one standard

deviation. Legend indicates the texture-initial moisture combination for each experiment
trial. Solid lines added to help visualize trends in the data.
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Figure 4. Water content of three column sections following destructive sampling at the end of an
experiment: the dry surface layer (DSL), immediately below the DSL, and the bottom of the
column. Legend indicates the texture-initial moisture combination for each experiment trial.
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Figure 5. Growth of the dry surface layer (DSL) over time, as determined using the three
destructive sampling intervals. Legend indicates the texture-initial moisture combination
for each experiment trial. Error bars signify one standard deviation.

32



a. b. =S 0.03
120 - 1200 +50.05
100 - g 10001 & ACL 0.07

S 80 - !. 5 800 - wCL0.15

LI | e H® g 600 - e SCL 0.10

5 60 . =

40 1 ™ > 4004 " 4
20 A 200 [ ] :
0 & . , 0 - [
15 25 35 15 2.5 3.5
Log [time (min)] Log [time (min)]

Figure 6. Percent error of Sakaguchi and Zeng model relative to observed dry surface layer
thickness for all soil conditions and sampling intervals. In panel a, d; in the S&Z model is set to
0.01 m, while panel b has d; set to 0.1 m. Legend indicates the texture-initial moisture
combination for each experiment trial.
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Figure 7. Simple linear regression for relative wetness and maximum observed dry
surface layer thickness (DSL). The regression model is contrasted with the Sakaguchi and
Zeng (S &Z) output at corresponding relative wetness with dj set at 0.1 m.
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Figure 8. Conceptual model of the evaporation model for dry surface layer (DSL)
thickness. Water content at different soil depths after a drying event is shown; the
DSL water content is the texture’s residual water content (0r), and there is a fixed,
immediate transition to the initial water content (i) at the soil below the DSL.
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Figure 9. Comparison of measured dry surface layer (DSL) thickness from the last sampling event (24 h) with outputs of the
Sakaguchi and Zeng (S&Z) model and the proposed evaporation model. Note, the solid line is y = x to show visual agreement of the
values.
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CHAPTER 2: Influence of Potential Evaporation Rates on Dry Surface Layer Growth
Abstract

Evaporation from a bare soil surface occurs in three separate phases. In the first stage,
evaporative demand, influenced by environmental conditions, controls evaporation rates. Stage
2 occurs when the soil fails to supply sufficient water to equal evaporative demand. Eventually,
evaporation will be soil-limited, and evaporation rates drop to a low, constant value during stage
3. Dry surface layer (DSL) formation occurs during the transition of vapor gradient-controlled
evaporation to soil limited evaporation, and its downward growth subsequently further slows
evaporation. Potential evaporation (PE) influences the duration of stage 1, and may ultimately
affect the thickness of a DSL. The objective of this study is to better understand how PE and soil
texture moderate DSL formation and thickness. Column experiments testing PE at three rates
(0.3, 0.65, 1 mm ht) controlled by a heat lamp and two soil textures (SCL = sandy clay loam,
CL = clay loam) were performed in a constant temperature room from 10-14 days. The CL had
an initial water content of 0.15 cm?® cm (bulk density = 1.20 g cm™) and the SCL set to 0.10 cm?®
cm (bulk density = 1.25 g cm™). Columns were weighed continuously to determine
evaporation by mass loss and soil temperature was measured with sensors at multiple positions
from the surface through the subsurface. DSL thickness and water content distribution were
measured via destructive sampling at the experiment’s end. Evaporation, in all experiments, had
switched to the soil-limited phase by day 2. DSL thickness differed between columns of the
same texture under different PE conditions, but measured evaporation rates were relatively low
and similar during much of the experiment. Higher PE demand led to thicker DSLs. Data
suggest that a relationship between cumulative evaporation and initial water content could

successfully predict DSL thickness of these medium-textured soils.

37



l. Introduction

Potential evaporation (PE) is the maximum possible evaporation from a soil surface, and
this value is influenced by environmental conditions such as radiation input, temperature, relative
humidity, and wind speed. Low levels of radiation, low temperatures, high relative humidity,
and low wind speeds will decrease PE while the converse increases PE. Actual evaporation (AE)
from soil is a function of PE and changes throughout the three classical evaporation stages. In
the first stage of evaporation, AE matches PE (Tran et al., 2016). In the second stage of
evaporation, AE begins to fall, and the ratio of AE to PE decreases (Salvucci, 1997). In the
third, constant rate stage of evaporation, the ratio reaches a low, steady value (Fredlund and
Zhang, 2011).

DSL formation initiates when the soil is unable to supply water at a fast enough rate to
satisfy the evaporative demand (stage 2 of evaporation), and the evaporative front must
subsequently move downwards into the soil. Differing PE rates should therefore affect the time
when the soil hydraulic disconnect occurs. Little research has focused on the specific effects of
PE on DSL formation and growth despite the apparent relationship. Field-based DSL
experiments, such as by Yamanaka and Yonetoni (1999), have examined conditions where PE
varies over time, but have not explicitly compared DSL formation under different levels of PE.
Laboratory column experiments (e.g., Yanful and Choo, 1997; Smits et al., 2011) have
monitored temperature and relative humidity effects on drying, but typically make observations
without specifically controlling or adjusting radiation and PE. Deol et al. (2012) was one of few
laboratory experiments which did supply radiation and control for PE, but in the case only a
single PE was tested, and PE effects were not the focus of the study. Because conditions vary

widely across these experiments, it is difficult to make direct comparisons.
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In Chapter 1, a series of short (10 cm) columns were tested under constant evaporative
conditions for a period of 24 hours to determine the effect of initial water content-texture
combinations on DSL formation. While the experiments confirmed that initial water content
does play an important role in DSL thickness, initial water content as a single parameter in
models is not sufficient to accurately predict DSL thickness over a range of conditions. A simple
evaporation model was proposed (Eqn. 3, Chap. 1), in which DSL formation was described as a
function of initial water content, a texture-dependent residual water content, and cumulative
evaporation. This model, which accounted for both time and texture, predicted DSL thickness
reasonably well for the experimental system.

The set of experiments described in this chapter seek to expand upon the results presented
in Chapter 1. Texture and initial water content were similar to the conditions of Chapter 1, but
longer soil columns (34 cm) utilized herein allowed for longer-duration drying experiments
where PE conditions could be manipulated and compared. Longer columns allow the soil to
reach steady state conditions (late-phase evaporation and DSL growth) without complete soil
drying, in order to complement early-phase evaporation and DSL growth observations from
Chapter 1. These new experiments contribute additional data to test the simple evaporation
model. Evaporative demand, as expressed by PE, will drive DSL formation. In these
experiments our objective is to examine the effects of different levels of PE on DSL growth.
Knowing the rate of DSL growth over time and under different boundary conditions will aid

modeling efforts and improve current DSL parameterizations.
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I1. Methods

Experiment Materials

The clay loam (CL) and sandy clay loam (SCL) soils from Chapter 1 were selected to
analyze DSL formation in situ over an extended period of time, especially after stage 3 of
evaporation was reached. Soil was oven-dried for 24 hours at 105 °C, passed through a 2-mm
sieve, and homogenized. Particle size analysis was conducted with the hydrometer method and
sand sieving method (Gee and Or, 2002). Saturated hydraulic conductivity was measured with a
constant head method following Reynolds et al. (2002), and water retention was performed at
low pressures of 0, 1, 3, 10 kPa on a sandbox (Eijkelkamp, Giesbeek The Netherlands), and in
high pressure chambers at 33 and 1500 kPa (Dane and Topp, 2002). Soil physical properties can
be found in Table 1; water retention data are presented in Fig. 1.

The CL was pre-wet to an initial water content of 0.15 cm® cm= and SCL to 0.10 cm?® cm-
3, and then the soils were packed in columns at bulk densities of 1.2 g cm= and 1.25 g cm™®,
respectively. Soil was packed in batches to ensure consistent bulk density throughout the
column. Both water content and bulk density are the same as those tested in the Chapter 1
experiments. The SCL water content was near field capacity, and CL water content, though
below field capacity, had a similar relative wetness (0.2 vs 0.25). Columns were 15.4 cm in
diameter x34 cm height, constructed with 40 Cellcore PVC DWYV and a base of PVVC board.
Three thermo-TDR sensors identical to those used in Tian et al. (2018) were placed in the
columns to measure properties from the soil surface to a depth of 4.8 cm; only the temperature
sensing function was utilized in these experiments. Additionally, type E thermocouples were
placed at 10 cm, 20 cm, and 30 cm in the column to record temperature in the subsurface soil

layers (Fig. 2).
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Experiment Procedure

The experiment employed two soil textures (CL and SCL) and two potential evaporation
(PE) rates (0.3 and 1 mm h!). The SCL was additionally tested at the PE rate used in Chapter 1
(0.65 mm hl) to serve as a point of comparison between the short and long columns, resulting in
a total of five conditions evaluated. The PE rates will subsequently be referred to as low (0.33
mm h), moderate (0.65 mm h™), and high (1 mm h). These PE rates present conditions ranging
from a mild, temperate spring to evaporation rates found in the humid tropics (Van Bavel, 1966).
PE rates were altered by adjusting both the setting and height of a heat lamp (Hatco GRAH-36
120V, Hatco Corporation Milwaukee W1) positioned above the columns; corresponding PE rates
were determined by performing a simple pan evaporation experiment prior to the column
experiments.

All experiments were performed in a constant temperature room, where temperature was
set to 22 °C and the relative humidity was about 50%. A new column was packed and
independently run for each tested condition. Columns were placed on a scale during experiments
to measure mass every 30 minutes at 0.01 g resolution. The heat lamp was turned off when the
column system appeared to reach a steady state, where change in evaporation rates and soil
temperature deviated less than 1% over time (half-hour measuring intervals). The column was
then destructively sampled to measure final DSL thickness, and the water content of the DSL and
soil at depths of 10 cm, 20 cm, and 30 cm. When there was not a clear color contrast between

the moist and dry soil, friability was used to identify the DSL boundary.

I11. Results and Discussion

The column experiments represent specific, controlled conditions. There was a

continuous heat source applied to the soil columns at constant temperature and humidity,
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creating constant evaporative demand for a period varying between 10 and 14 days. Table 2 lists
the measured evaporation rates for all tested conditions at selected time points during the first
two days of an experiment. Higher PE rates result in initially higher evaporation rates for both
the CL and SCL; at the beginning of the experiment, actual evaporation rate is the lowest under
low PE. However, this effect quickly diminishes after day 2 of the experiment, and all
evaporation rates fall to similar, low values irrespective of texture. Here, stage 3 of evaporation
has been reached, and it can be reasonably expected that the formation of a DSL caused the
downward shift of evaporation rates.

Fig. 3 shows cumulative evaporation for all conditions. We can see that given a higher
PE, cumulative evaporation will be greater at the same point in time for the same soil texture.
Table 3 presents linear regression slope values for cumulative evaporation curves after day 2.
While cumulative evaporation is larger over time for higher PE conditions, this is primarily due
to the evaporation surge (i.e., higher evaporation rates) at the experiments’ beginning (Table 2)
since cumulative evaporation curves are parallel during most of later portion the observation
period (Fig. 3).

Evaporation rate is nearly the same for each soil texture at each PE after day 2 (Table 2).
Soil temperature profiles further verify that near steady state conditions were reached in this time
period. Inthe CL high PE, for example, there is little difference between the recorded
temperature distribution at day 2, and roughly 8 days later at the experiment’s end (Fig. 4).
When temperatures reach a near-constant value, this indicates a heat balance between the soil
and atmosphere (Han and Zhou, 2013). The heat capacity of a soil is mostly a function of water
content, so as soil begins to lose water due to evaporation and dries, temperatures increase. Near

constant temperature-depth distributions over time correspond to minimal change in soil water
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content over time when evaporation rates are extremely low, and indicates that movement of the
evaporation zone (bottom boundary of the DSL) has greatly slowed.

When comparing CL and SCL set at the low PE, both have similar evaporation rates and
cumulative evaporation over time (Fig. 3). Differences in texture and relative wetness do not
appreciably affect evaporation at this boundary condition (Table 1). However, evaporation
dynamics between the two textures diverge when evaporative demand is increased at the high PE
condition. At this higher evaporative demand, differences in relative wetness and hydraulic
conductivity become more pronounced between the two soil conditions. Actual evaporation will
more closely match PE when the soil is to nearer to saturation (Penman, 1948). Therefore the
CL, with a higher water content and slightly greater relative wetness than the SCL, has greater
cumulative evaporation at the high PE as a result of higher initial evaporation rates (Table 2).
Additionally, the unsaturated hydraulic conductivity of the CL is greater than that of the SCL,
thereby allowing water within the column to replenish water loss near the soil surface at a faster
rate, thus also better allowing for the high initial evaporation rates.

Table 4 summarizes the results of destructive sampling at the experiment’s end. When
comparing columns of the same texture, higher PE results in a thicker DSL despite evaporation
rates being equal for the majority of the experiment (after day 2). This suggests that early
evaporation rates ultimately have an important effect on DSL growth, and that a significant
portion of growth occurs during the early stages of drying. It is interesting that the SCL
moderate PE produced a thicker DSL than SCL low PE despite having lower cumulative
evaporation. The difference in the cumulative evaporation between these two experiments is due
to their duration. The moderate PE produced slightly less total evaporation because the total

period of evaporation was shorter than that of the low PE. Despite this lower total evaporation,
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the moderate PE still had a slightly thicker DSL. This again suggests that, in addition to
cumulative evaporation, the initial evaporation rate may be quite important in determining DSL
depth.

Fig. 5 presents water content distribution of the columns, and shows moisture levels after
destructive sampling at the soil surface, and 10, 20 and 30 cm depths within the column. The
SCL water content distribution for each of the three PE conditions indicates some drying at 10
cm soil depth, but water contents from soil sampled at 20 and 30 cm depths are near the intended
initial water content of 0.10 cm® cm™ (Fig. 5). Water content near the surface of the CL is quite
dry, but subsurface water contents at 10 and 20 cm are near the intended initial water content of
0.15 cm® cm. The measured DSL thickness in the SCL either matches or exceeds the CL at
each PE, which is consistent with the water content distributions. The soils showing a reduction
in water content at 10 cm depth compared to the initial condition, tended to have thicker DSLs
than did soils in which water content remained near the initial condition at this same depth. It is
important to note, however, that the CL had a slightly larger relative wetness, and columns were
run for a shorter amount of time (Table 4). The difference between soil initial water content and
residual water content is greater in the CL condition than SCL condition; therefore, the CL
would require a greater amount of cumulative evaporation in order for a DSL to both form and

grow.
Evaporation Model

Fig. 6 combines short column data from Chapter 1 together with long column data to
examine the relationship between cumulative evaporation and DSL thickness of both the CL and
SCL. The linear regression models exhibit a positive relationship with a good fit (CL R?=0.99;

SCL R?=0.89). Slopes of the regression relationships are also quite similar, though with some
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difference likely related to both initial wetness and texture, which would affect the rate and
extent of drying. Because of the slope uncertainty coefficients for the conditions create
overlapping confidence intervals (12.36 + 0.85, 11.21 £ 1.99) for both regression lines, it can be
argued that the populations are ultimately not different (Fig. 6).

To further test the relationship between evaporation and DSL thickness, we calculated

DSL thickness using the evaporation mass-balance model described in Chapter 1.

L=E/(6;-0) [1]

where L is DSL length (mm), E is cumulative evaporation (mm), 6; is initial soil water content

(cm® cm™), and 6, is water content of the DSL (cm® cm®) estimated from destructive sampling.

Fig. 7 shows predicted DSL thickness from the evaporation model compared with observed DSL
thickness. When using 0 determined from surface soil water content to predict DSL thickness in
the long columns, accuracy of prediction varied widely amongst conditions. Higher PE columns,
with thicker DSLs, were typically under predicted (not shown). Considering the indication of
some drying even at 10 cm soil depth from destructive sampling (Fig. 6), we also recomputed 6,
as the average of surface water content and water content values determined at 10 cm depth. For
instance, the SCL High PE had a measured DSL thickness of 105 mm, yet a measured difference
in water content of 0.058 cm?® cm between the surface and 10 cm depth samples. Therefore, 6r
became an average of DSL and 10 cm water content for moderate and high PE columns, and 6:
was treated as only the surface water content for low PE columns. This produced an improved
fit between measured and predicted DSL thickness (R? = 0.84). Uniform water content estimates
of the DSL likely worked in the Chapter 1 short columns because experiments only spanned a

single day and had relatively thinner DSLs. Longer experiments enable further drying of the soil
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surface while the evaporation zone continues to move downward. When Chapter 1 short column
data were added to the comparison of model predicted vs. observed DSL thickness, the overall fit
further improved (R? = 0.95).

Results presented in Figures 6 and 7, generated with a combination of both the short
columns (short duration evaporation) and long columns (long duration evaporation), indicate the
possibility of using a generalized soil model to predict DSL thickness that is evaporation-
dependent. This model highlights the importance of soil initial water content as previously used
in DSL models (Sakaguchi and Zeng, 2009), but also includes physically dependent (6r) and
environmentally dependent (E) parameters. We use this general relationship (Eg. [1]) to predict
DSL thickness over a range of initial water contents, and for a series of three evaporation totals
(Fig. 8). The three values of E are reflective of high, medium, and low demand conditions in
Daamen and Simmonds (1996). 6r was set to 0.025 cm?® cm™3, similar to values observed for the
Chapter 1 SCL DSL water content. However, it was observed that increasing this value to as
large as 0.04 (similar to CL) only substantially altered predicted DSL thickness at initial water
contents <0.10 cm® cm™3, which already represent quite dry conditions for fine textured soils.
The general model indicates that increasing evaporative demand, and thereby total cumulative
evaporation, will lead to thicker DSLs across all water contents. Additionally, there is a greater
difference between DSL thicknesses among initial water contents when evaporative demand is
larger. For example, the difference in DSL thickness between a soil with an initial water content
of 0.3 cm® cm™ vs. an initial water content of 0.2 cm® cm™ is greater at cumulative evaporation

of 5 mm than at 1 mm.
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Concluding Remarks

Destructive sampling revealed that PE does impact DSL growth, due to disparity in
evaporation rates during stage 1 and stage 2 of evaporation. Generally, higher PE, and therefore
greater evaporation, will lead to a thicker DSL. Water contents measured at the soil surface and
10 cm depth in the SCL suggest that a DSL does not have a homogenous water content, and
depending on the evaporative demand, may be gradated by 0.05 cm® cm or more. Relationships
between DSL thickness and cumulative evaporation at early and late-time stages inspired a
model to predict DSL thickness using both evaporation and initial water content. Further testing
is required to determine if the model can be utilized for additional soil textures and more

complex (e.g., time varying) boundary conditions.
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V. Tables and Figures

Table 1. Particle size distribution of experiment soils, bulk density (ps), rates of saturated
hydraulic conductivity (Ksat), and relative wetness: the ratio of initial water content to porosity.

Soil Sand Silt Clay Pb Ksat Relative
Wetness
% % % gcm? cmd --
SCL' 68 7 24 1.25 120 0.20
CL? 24 49 27 1.20 15 0.25

TGreenviIIe soil series from Georgia. Greenville classifies as fine, kaolinitic, thermic Rhodic Kandiudults. Provided by David
Mann at the BASF Holly Springs Research Station.

*Drummer soil series from Indiana. Drummer classifies as fine-silty, mixed, superactive, mesic Typic Endoaquolls. Provided by
David Mann at the BASF Holly Springs Research Station.
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Table 2. Evaporation rates during the first two days of both soils at varying potential evaporation
(PE) conditions.

Soil PE 0.25d 0.5d 1d 2d
mm ht mm ht mm ht mm ht mm ht

CL 0.3 0.08 0.05 0.05 0.03

1 0.15 0.08 0.07 0.04

SCL 0.3 0.08 0.04 0.04 0.03

0.65 0.08 0.06 0.04 0.03

1 0.10 0.11 0.05 0.06

T Column mass data were missing from the SCL moderate potential evaporation (PE) column for a portion of the experiment, so
a simple power function was fit to the remaining observations (R? = 0.96) in order to estimate evaporation rates at 0.25 and 0.5 d.
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Table 3. Slopes of linear regression lines for cumulative evaporation curves of soil conditions
after day 2 of the experiments.

Texture PE Slope
mm ht mm d?
CL 0.3 0.43
1 0.47
SCL 0.3 0.39
0.65 0.38
1 0.37
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Table 4. Cumulative evaporation and final dry surface layer (DSL) thickness of SCL and CL
soils at low, moderate, and high potential evaporation (PE) conditions.

Texture PE Experiment Duration Cumulative DSL thickness
Evaporation
mm h't days mm mm
CL 0.3 9.9 5.7 64
1 9.9 7.6 94
SCL 0.3 14.1 6.9 64
0.65 10.8 6.3 90
1 14.1 7.65 105
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Figure 1. Water retention curves for two soils used in the experiment designated in the legend
with official USDA soil texture acronyms. Water retention from 0-100 cm was tested using an
Eijkelkamp Sandbox, and 333-15000 cm with a high pressure chamber. Error bars signify one
standard deviation, and lines have been added to aid visual interpretation of trends.
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Figure 2. Dimensions of experiment soil column, not drawn to scale. Soil was packed to the top
of the column
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Figure 4. Temperature-depth distribution of CL at high potential evaporation rate (1 mm ht) for
selected times during the experiment.
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Figure 5. Final water content distributions of CL and SCL, from soil samples taken after
destructive sampling at low, moderate, and high potential evaporation (PE) conditions.
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CHAPTER 3: Conclusions and Future Work

The overarching objective of the short and long soil column experiments described in the
previous chapters was to better understand the mechanisms which drive dry surface layer (DSL)
formation under a variety of conditions in a controlled setting. Chapter 1 focused on internal soil
conditions (texture and initial water content) whereas Chapter 2 analyzed the effect of external
conditions (potential evaporation rate) on DSL growth. The short column experiments confirmed
that soil initial water content is an important variable in the formation of a DSL. The greater the
initial water content, the thinner the DSL will be when all other conditions are held equal.
However, initial water content cannot solely account for the behavior of a DSL, and cannot
accurately predict DSL growth by itself. A simple evaporation-based model better predicted
DSL growth than a model based on relative wetness. The long columns, in turn, were run for a
comparably extended length of time to analyze late-stage evaporation. Higher potential
evaporation (PE) led to thicker DSLs, despite a fast transition to the constant rate stage of
evaporation (stage 3). After combining early stage (short column) and late stage (long column)
data, it was found that, amongst SCL and CL soils, there was a similar relationship between
cumulative evaporation and DSL thickness. We therefore coupled the evaporation-based model
with initial water content, to create a predictor tied to both initial water content and evaporative
demand.

The evaporation model outlined requires knowledge of both cumulative evaporation from
the soil surface and the soil initial water content. Residual water content may be estimated based
upon soil texture. To include a new soil resistance term which incorporates the evaporation-
based DSL into a General Circulation Model (GCM) or Earth System Model (ESM) would

require inputs from meteorological datasets (evaporation) and soil maps (residual water content).
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Each soil texture could have a designated residual water content value, or a grouping of soil
textures (such as medium-textured soils like CL and SCL) could have a generalized value of
residual water content to further simplify inputs.

Regional scale models, or models with better horizontal resolution, would likely serve as
more appropriate candidates for this updated DSL parameterization, but integration of the
evaporation model into a GCM is possible. Generally speaking, the partitioning of evaporation
and transpiration in GCMs is difficult, but it is also necessary to isolate evaporation (Lawrence et
al., 2007). Soil water evaporation is the main driver of DSL formation, and a majority of the
water loss occurs in the top few cm of the soil. Alternatively, soil water loss from transpiration
is sourced from well below the soil surface as average rooting depths of most vegetation are
typically deeper than one meter (Foxx et al., 1984), and therefore will not have a large impact on
DSL growth. LAI values have been successfully used as a predictor of evapotranspiration
partitioning based upon specific land cover classes (Wei et al., 2017), so isolating evaporation
within a GCM appears feasible. Calculated DSL values can then be incorporated into a soil
resistance term.

Lessons Learned and Future Work

Unfortunately, the thermo-TDR sensors installed in the long columns were unable to
measure the DSL in situ, as the sampling frequency of the measurements was not high enough to
capture growth before soil dried past the thermo-TDR measurement zone. Had we analyzed data
from the shorter columns prior to running the long column experiments, it would have become
evident that drying would have likely quickly extended beyond the measurement zone of the

TDR probes. This experience highlights the importance of thorough and prudent examination of
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data prior to conducting complementary experiments; while we should strive for efficiency and
consider time restrictions, it is also necessary to avoid hastiness.

Future research could still incorporate thermo-TDR technology and the method of DSL
determination as described in Deol et al. (2012), with careful thought and planning in regards to
ideal placement and timing of the measurements. With the right combination, it should be
possible to identify when the DSL forms and calculate its rate of growth as evaporation
transitions through stage 1 to 2 to 3. This would give a more complete picture of DSL dynamics
and better test the evaporation model. As the methodology for the Deol method has not been
verified with supplementary experiments, | would recommend testing and/or quantifying the
ability of the sensors to accurately predict DSL thickness in columns where DSL thickness is
controlled. I would have also included fine scale/high density moisture sensors throughout the
column to better understand the movement of water, and to determine whether error in the
evaporation model was due to vaporization below the DSL boundary.

The laboratory research should next be scaled up to the field level with follow-up
experiments, combining destructive sampling and thermo-TDR sensor placement at field sites
with varying soil textures. This would also help to contrast human error vs sensor error in DSL
measurement, and confirm whether results in uncontrolled, more dynamic settings will follow
similar patterns. Future work should also incorporate testing of the soil resistance for gas
diffusion with the new model for DSL presented herein, to examine whether resistance
calculations are accurate for gases of interest beyond water vapor. | would also propose
laboratory experiments in which ammonia or carbon dioxide diffusion is studied (in a non-

reactive soil column/environment which limits transformations), to determine whether calculated
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soil resistance terms using gas-specific diffusion coefficients and the new DSL term correlate

well with measured flux.
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