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General Introduction

Evaporation is one of the critical sinks in the water balance, of extreme

importance in arid ecosystems. In arid ecosystems where vegetation is scarce and the

water table low, evaporation may make up the only water sink. Evaporation is also of

importance to agricultural managers, as it can have an impact on field irrigation

applications. Evaporation dynamics also play an important role in liquid waste

management. A modeling exercise was undertaken to determine and quantify some of

these evaporation dynamics. Two sets of models were run. The first was designed to

determine the effect of soil texture and evaporative demand on short and long term

evaporation. This set investigated evaporation from short (0.5 m) saturated soil cores.

The second set of numeric experiments modeled evaporation and salt redistribution from

soil cracks. This set of experiments determined the effect of a 0.5 m soil crack on

evaporation and salt redistribution, and the effect of pore salinity on evaporation rates.

The evaporation process

Evaporation is the transition of water from a liquid to a gaseous state. Anywhere

there is liquid water, evaporation is occurring. While the vast majority of evaporation

(>90%) occurs over the ocean, lakes and other open water bodies, a considerable amount

of water is evaporated from soil surfaces. The rate of evaporation depends on a number
of factors, including the energy needed for phase change from liquid to vapor states, the

humidity of the surrounding air, soil texture, initial water content, competing sinks and

contributing sources and other factors.

Three stages of evaporation

As early as 1923, scientists were identifying three stages to the evaporation

process from bare soil (Fisher, 1923). As described by Black Ct al. (1969) and Ritchie

(1972) the three stages of soil evaporation begin with an initial, meteorologically driven

stage, where evaporation is high and similar to the evaporation from an open body of

water. After some critical time, generally 2-14 days in most field studies (Ritchie, 1972),

a second stage of evaporation initiates. This stage is characterized by falling evaporation
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rates, as soil physical properties influence water flux to the evaporation surface. After

some time period, the water filled soil pores become disconnected, and evaporation is

relatively constant and driven by vapor diffusion.

The first stage has been well studied, with a number of applicable methods of

estimating evaporation, including energy balance, mass transfer and combination models.

The second stage of evaporation is less studied, with only the method described in Black

et al. (1969) being widely used. Little to no work has been found to quantify the final,

vapor driven stage of evaporation.

During the first stage of soil evaporation the soil is saturated or near saturation.

Since the matric potential is near zero and the evaporating front is at the surface,

evaporation proceeds as if from an open body of water. The high conductivity of the soil

at saturation allows water to be drawn to the surface via the matric potential gradient as

fast as it is evaporated. At this stage, most studies use potential evaporation (Er) to

determine soil evaporation (B). Potential evaporation is the evaporation from an open

body of water at the given climatic conditions. Potential evaporation is measured in a

variety of ways, including an energy balance approximation (Brutsaert, 2002; Dingman,

2002), Dalton's law (Dalton, 1802), and combination methods, such as the Penman

(Penman, 1948) and Priestly-Taylor equations (Monteith, 1980; Priestly and Taylor,

1972).

While no theoretically derived formulas describing second stage evaporation were

found, empirical formulas have been developed. The most commonly used was that

described by Black et al. (1969). Many researchers noticed a strongly linear relationship

between cumulative evaporation and the square root of time during the second stage of

evaporation (Black et al., 1969; Jury et al., 1991),

=CQt)

where C is a soil dependent constant, t is time, and t is the time when the second stage

began. C is texture dependent, with values ranging from 0.33 to 0.82 cmlday1t2 (Burman

and Pochop, 1994), with a value of .496 cm/day1"2 reported by Black et al. (1969).

Black et al. (1969) derived a formulation ofCbased on the diffusivity of the soil:



C=2(0 _oO)IJ2

where O is the initial water content, 0o is the water table water content and D (cm2/day) is

the weighted mean diffusivity of the soil. The diffusivity of a soil is a tenn that takes into

account both the conductivity and the matric potential of a soil. It is defined as

D(0) = k(0)
dO

where k(0) and p-(0) are the matrix hydraulic conductivity and matric potential. No such

development has been made to estimate t, the critical time for the initiation of second

stage evaporation.

There is little research on the third stage of evaporation, likely due to the

extremely low evaporation rates involved and the correspondingly small impact on the

water balance. This stage is controlled by vapor diffusion from the interior soil matrix to

the atmosphere.

Effect of salt on evaporation

Evaporation from salty soil is compounded by a number of factors. Vapor

pressure lowering due to salt ionic effects lowers evaporation levels by reducing the

vapor pressure gradient between the atmosphere and soil solution. Salt precipitation due

to evaporative water loss can have a profound effect on evaporation via pore clogging.

Pore clogging reduces evaporation in two ways, by reducing the evaporative surface area,

and reducing the soil permeability, limiting soil surface water replenishment. Recent

research has begun to measure the effects of salinization on soil evaporation rate

(Shimojima et al., 1996).

Evaporation from soil cracks

Evaporation from soil cracks as also been extensively studied. Soil cracks add

another evaporative front, one where gravity and surface dynamics affect evaporation in a



different way. Seminal work in the late 1960s and early 1970s (Adams et al., 1969;

Ritchie and Adams, 1974; Selim and Kirkham, 1970) investigated the effect of cracks in

low permeability clay on evaporation.

TOUGH2

To investigate evaporation dynamics, the TOUGH2 (Pruess et al., 1999) porous

media simulator was chosen. TOUGH2 is a three dimensional, multicomponent,

multiphase, finite integral porous media simulator. TOUGH2 was chosen over such

models as Hydrus 2D (Abbasi et al., 2004) and FLOTRAN (Holder et al., 2000) due to its

ability to model three dimensional unsaturated water flow. TOUGH2 has been

extensively validated on a series of unsaturated flow problems (Pruess Ct al., 1996), and

has been shown to accurately model land atmosphere interactions (Webb and Phelan,

2003).

TOUGH2 was designed for fractured rock problems, such as the nuclear waste

storage issues investigated at Yucca Mountain (Ritcey and Wu, 1999). TOUGH2 uses

the Richards equations to model unsaturated flow, and fully models Fickian diffusion and

hydrodynamic dispersion. TOUGH2 is also capable of modeling both isothermal and

non-isothermal conditions. Soil bydrodynamic properties are modeled using a variety of

options, including the functions of Corey (1954) and Milly (1982), among others. For

these simulations, the curves of van Genuchten and Mualem (Maulem, 1976; van

Genuchten, 1980) were used, due to their good prediction of the wet end of the capillary

pressure and permeability curves, and the high availability of input parameters.

TOUGH2 allows for the use of the EWASG module (Battistelli et al., 1997),

which models two phase salt dynamics, along with fully modeled unsaturated flow.

Vapor pressure lowering due to salinity and matric potential effects is modeled, as well as

permeability reduction due to precipitated salt deposition. The EWASG module allows

for different choices of permeability dependence on precipitated salt deposition. Three

models of pore structure are presented, tubes in series, fractures in series, and capillary

tubes of uniform radius. The tubes in series model describes tubes of varying width

conducting flow. This model was chosen due to its similarity to our conceptual model of

pore bodies connected by constricting pore mouths. EWASG models salt precipitation
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occurring uniformly over the surface area of the pores, reducing permeability quickly in

the pore mouths. This causes soil permeability to reach zero before complete

desaturation due to pore clogging.

The models created in this study were designed to investigate evaporation from

bare soil, and evaporation from saline, cracked soil. Before any work could be performed,

the brine enthalpy function of Lorenz, Maric, and Rirschl (2000) was inserted to increase

EWASG's modeling capabilities below 10°C. A model of soil evaporation was then

developed. Evaporation using TOUGH2 was quickly found to be inaccurate when using

the standard geometric framework. A modification of this framework was instituted,

involving the manipulation of grid block connections, as described in "Evaporation and

Salt Precipitation from Soil Cracks," the second paper in this thesis. All models were

analyzed using a user interface developed on the Matlab platform (not published).

Simulations

In this study, two major aspects of soil evaporation were considered. The impact

of soil texture and evaporative demand on evaporation dynamics was investigated.

Evaporation from a 0.5 m soil cylinder was modeled, using 12 soil textures as the porous

media. The soil was saturated and allowed to evaporate from the upper surface for 50-

300 days, at variable potential evaporation rates. Evaporation rates, water redistribution

and vapor and liquid water flux were monitored.

In the second set of simulations, an investigation into evaporation and salt

precipitation was undertaken involving soil cracks. A numeric framework was created of

a 0.5 m soil crack in a soil lysimeter 1.2 m deep. This system was allowed to evaporate

out of the surface and fracture, and out of the surface alone, to isolate fracture effects.

Long term evaporation rates and water redistribution were monitored. A second set of

simulations were run with salt in the system, of two concentrations. The effect of

evaporation on salt flux, and the effect of salt on evaporation rates and water

redistribution were monitored.
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Abstract

Evaporation from saturated soil was studied using a numerical model. Bare soil

evaporation is a major component of the water balance, and the effect of soil texture3 is

rarely considered. The effects of soil texture and evaporative conditions on long term

evaporation rates, water redistribution and length of first stage evaporation were

investigated in 100 day simulations. The 12 soil textures were studied, using physical

parameters from the exhaustive study by Carsel and Parrish (1988). Evaporation

modeling was performed using the TOUGH2 multicomponent, multiphase simulator,

which has been found to be a robust and accurate simulator of water dynamics in porous

media. Texture was found to have a profound effect on evaporation dynamics, with 100

day evaporation varying by 16 times over the range of soil types. Evaporative demand

was found to have a variable effect on long term evaporation, with little effect seen in the

clayey soils and a large effect seen in the coarser textures. First stage evaporation

duration was found to be sensitive to both texture and evaporative demand.

Introduction

Soil water dynamics are a critical area of research in soil physics. Evaporation,

especially in arid ecosystems where vegetation and transpiration is minimized and

drainage is low, can be the dominant sink of soil moisture and an important influence on

soil water redistribution. Both the magnitude of evaporation and the depth affected by

evaporation can be of great importance in the fields of land management (Thorbum,

1997), liquid waste disposal (Zawislanski et al., 1992), and ecosystem management (Peck

and Hatton, 2003). The effect of soil texture and evaporative demand on evaporation

dynamics is important for developing a good understanding of ecosystems where

evaporation plays an important part in the water balance.

Evaporation from soil has been studied for nearly 100 years, and three stages of

evaporation from an initially saturated soil have been identified (Battistelli et al., 1997;

Fisher, 1923). The first, or constant, stage is controlled by atmospheric conditions, such

as relative humidity, energy inputs and wind velocity. During this stage, soil evaporation

is assumed to be equal to open pan, or potential, evaporation, and evaporation rates are
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constant over time, assuming constant environmental conditions such as relative humidity,

wind speed, solar radiation.. After some critical length of time, first stage evaporation

ends and the second, falling stage is initiated. Evaporation in the falling stage is

controlled by soil properties, as the evaporative front falls through the soil. This stage is

thought to be very texture dependent. Third stage evaporation is characterized by a very

low, constant evaporation rate.

First stage soil evaporation is found to last between 2-20 days, while third stage

evaporation is rarely reached in agricultural field conditions (Ritchie, 1972). Factors that

affect the stages of evaporation include water loss due to drainage and transpiration, and

fluctuations in atmospheric conditions. Diurnal fluctuations are not found to have an

effect on long term evaporation rates (Hillel, 1975).

The length of first stage evaporation is critical in determining long term

evaporation rates from bare soil. Second stage evaporation falls off with the square root

of time, making first stage evaporation dominate average evaporation rates. Field work

has indicated that the length of first stage evaporation is determined by the cumulative

evaporation and soil type (Ritchie, 1972). Evaporation is thought to continue at lower

evaporation potential for longer periods as the permeability remains larger that the flux.

While some work has been done identifying the critical cumulative evaporation, no work

has been found that determines this value for all 12 soil textures. From a land

management perspective, this is a critical piece of information needed to determine the

water balance.

Many efforts to model bare surface evaporation have been undertaken. While soil

evaporation models have been developed (Ritchie, 1972; Scanlon and Milly, 1994;

Yakirevich et al., 1997), including models that take into account soil texture (van Bavel

and Hillel, 1976), they have not been used to investigate the effect of soil texture on first

stage evaporation rates. Field experiments have also investigated the three stages of

evaporation, but none have been able to look at all twelve textures and identify texture

wide patterns in evaporation dynamics.

While it is clear that texture has a large impact on evaporation dynamics, no clear

patterns have been identified which can help the land manager better estimate the length

of first stage evaporation. This modeling effort was undertaken to attempt to identify



texture trends in evaporation dynamics. To reach this goal, evaporation from 12 textured

soils was investigated using the TOUGH2 (Pruess et al., 1999) porous media simulator.

Simulations were run to determine the effect of texture on evaporation rates, length of

first stage evaporation, depth of evaporation, and water content profile. Further

simulations were run on sand, loam and clay soils to determine the effect of potential

evaporation rate on these dynamics in representative soils.

Methods

Model code

The code chosen for the simulations is TOUGH2, a multicomponent, multiphase

porous media simulator (Pruess et al., 1999). TOUGH2 uses the Richards equation for

water flux, and fully models Fickian diffusion and hydrodynamic dispersion. TOUGH2

is a finite difference code that has been verified as a rigorous simulator of water, gas and

heat fluxes in unsaturated media (Pruess et al., 1996). TOUGH2 allows for constant head

(Dirichiet) boundaries via "inactive" grid blocks, which are involved in flow equations

but whose initial conditions remain constant. An inactive grid block was used for the

atmosphere in these simulations to simulate an infinite pool for vapor removal.

Evaporation in TOUGH2 is modeled as Fickian diffusion from areas of high

vapor density to areas of low vapor density. Fickian diffusion depends on the vapor

density gradient, which is dependent on the distance vapor travels, or the depth of the

mixing layer. The effective mixing layer is adjustable in TOUGH2 as the distance

between the edge of the uppermost matrix grid block and the center of the inactive grid

block. This distance can be adjusted to provide any given evaporation rate, allowing for

precise control of potential, or first stage, evaporation rates.

Physical model

To investigate the effect of texture on soil evaporation a physical model was

developed. To determine texture effects, careful consideration was made to the initial

conditions in the physical model. It was determined that by starting the simulations at

saturation, both water content and matric potential would be constant for all soil types.

This was preferred over starting the simulations at a constant matric potential, such as
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field capacityor wilting point, or at a constant water content, such as 50%, since the other
value varied wildly over soil type. Soil porosity was also kept constant throughout the
simulations at 50% for comparison purposes. Simulations were run until a short period
after second stage evaporation was initiated, which lead to some unrealistic drying times
in some textures. It was decided that determining the first stage evaporation length was
more important than maintaining realistic drying times, as the simulations could be easily
truncated afterwards. To focus on evaporation, no drainage was allowed from the system.

Preliminary numeric investigations (not published) indicated that evaporation did
not penetrate below 40-50 cm during first stage evaporation, so a soil colunm 50 cm deep
was modeled. This depth corresponds to the dimensions of a micro4ysimeter preferred in
field evaporation studies (Boast and Robertson, 1982), or a hydrometer cylinder for lab
work, allowing for future laboratory validation of the model.

Twelve soil types, as defined by sand silt and clay fractions, were used for this
investigation into soil texture. Soil hydrodynamic properties were modeled using the van
Genuchten water retention and permeability curves (van Genuchten, 1980). Parameters
for these curves were taken from the exhaustive compilation by Carsel and Parrish (1988).
Parameters are listed in Table 1.

The first stage evaporation is controlled by the potential evaporation. Potential
evaporation is determined in TOUGH2 by adjusting the effective mixing layer. This
effective mixing layer was set at 0.011 m to create a first stage evaporation rate of 1.4
mmi'day. This value represents the first stage evaporation from a small scale evaporation
experiment conducted in the laboratory at the modeled environmental conditions (not
published). To investigate the effect of evaporation rate on evaporation, the effective
mixing layerwas doubled and halved, for evaporation rates of 0.7 and 2.8 mm/day.
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Table 1: Soil physical parameters, including van Genuchten parameters (n, a) for
capillary pressure and relative permeability curves. Taken from Carsel and Parrish
(1988).

Soil Type permeability N a

Residual
liquid

saturation
(m2) (1/cm) (m3/m3)

Sand 8.46E-12 2.68 0.145 0.1047
loamy sand 4.16E-12 2.28 0.124 0.1390

Silt 7.12E-14 1.37 0.016 0.0739
sandy loam 1.26E-12 1.89 0.075 0.1585

silt loam 1.28E-13 1.41 0.020 0.1489
Loam 2.96E-13 1.56 0.036 0.1814

sandy clay loam 3.73E-13 1.48 0.059 0.2564
clay loam 7.41E-14 1.31 0.019 0.2317

silty clay loam 1.99E-14 1.23 0.010 0.2070
sandy clay 3.42E-14 1.23 0.027 0.2632
silty clay 5.70E-15 1.09 0.005 0.1944

Clay 5.70E-14 1.09 0.008 0.1789

Numeric model

As this was cletennined to be a one dimensional problem, the lysimeter was
modeled as a thin, one grid block wide colunm with cross sectional area of 1cm2. The 50
cm column was split into 100 grid blocks 0.5 cm tall. A surface grid element of 0.5cm
height has been shown to accurately model evaporation without increasing computational
time unnecessarily (Lascano and Van Bavel, 1986). The bottom and side boundaries
were modeled as no flow (Neumann) boundaries with respect to mass, and constant head
(Dirichiet) with respect to heat, to model evaporation from a cylinder in the open air. The
top boundary was an atmospheric constant head boundary to represent the physical
atmosphere.

All simulations were initiated with a liquid saturation of 99.999%, with a
temperature of 20°C and matrix air pressure of 1.01325 x 1 5 Pa. Matrix relative
humidity is a function of temperature and matric potential as described by Edelfsen and
Anderson (1943). Grid blocks with liquid water are set at saturated relative humidity
internally by TOUGH2. The atmospheric grid block was set at a relative humidity of
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50%, temperature of 20°C, and atmospheric pressure of 1.01325 x i05 Pa. Since this

block is inactive, internal conditions remained constant throughout the simulations.

Soil texture water retention and permeability curves were defined by the van

Genuchten (van Genuchten, 1980) formulations using soil property data compiled by

Carsel and Parrish (1988). Residual and saturationwater content values were taken from

Carsel and Parrish. Porosity is assumed to be equal to the saturated water content.

Simulations

A set of 12 simulations was run to determine the effect of soil texture on

evaporation. An additional 6 simulations were run to determine the effect of evaporation

rate on evaporation for different textures. Simulations were run for 50, 100, 200, or 400

days, whichever was required to determine the length of first stage evaporation.

Table 2 Simulation Schedule

Soil Set Simulation Duration Range

(days)

Evaporation Rate

(mm/day)

All 12 Soils 50-100 1.4

Sand Silt Clay 100-400 2.8

Sand Silt Clay 100-400 0.7

Results

Texture dynamics

Evaporation patterns and magnitude are found to be highly texture dependent.

Both the length of first stage evaporation and the depth of evaporation effect varied

greatly amongst the 12 soil textures. In all simulations first stage evaporation was

observed, lasting between 5 and 86 days. After this time, the second, falling stage of

evaporation was observed, as evaporation became diffusion dominated and controlled by

soil properties. Evaporation rates followed the pattern described by Jury et al. (1991),

falling in what appeared to be the square root of time. The third stage of evaporation,

characterized by very low, constant evaporation rates, was not reached. Evaporation

rates did not fall below 0.2 mm/day in any of the simulations.
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The length of first stage evaporation varied amongst the 12 soils (Table 3). This

stage continued the longest in the loam and silt loam soils, evaporating at 1.4 mm/day for

86 days. Cumulative evaporation was 120 nmi before the falling stage of evaporation

began. In contrast, first stage evaporation lasted only 5 days in the silty clay and 12 in

the clay; 7 and 17 mm of cumulative water evaporated, respectively. Very coarse soils

had a moderate length of first stage evaporation, with the sand evaporating for 54 days

and the loamy sand evaporating for 63 days (Figure 1). There appeared to be a peak in

length of first stage evaporation in the middle textured soils, namely the loamy soils

(Figure 2).

Table 3: Length of first stage evaporation and affected depth for 12 soil types. Potential
evaporation is set at 1.4 mmlday.

Soil Type

First stage
evaporation

length

Affected
depth at end
of first stage
evaporation

(days) (cm)
Sand 54 13

loamy sand 63 17
Silt 68 50

sandy loam 81 26.5
silt loam 86 >50
Loam 86 42.5

sandy clay loam 54 29.5
clay loam 44 41.5

silty clay loam 25 30
sandy clay 28 23
silty clay 5 7

Clay 11 24
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The depth of soil affected by evaporation was poorly correlated to the length of

first stage evaporation (Figure 3). Evaporation removed water at a depth of over 50 cm
from the silt loam and 42.5 cm for the loam. Water was lost from only the upper 7 cm for
the silty clay. The sands also exhibited shallow evaporation effect, with no water loss

below 13 and 17 cm for the sand and loamy sand respectively.

The water content with depth varied with soil type (Figure 4). In general, the

sandy soils dried the most in the upper 1 cm, with the volumetric water content reaching

below 0.10 cm3/cm3 at the onset of second stage evaporation. The clayey soils dried the

least, or replenished the most, with the clay retaining over 0.35 cm3/cm3 water content in
the upper 1 cm. In this upper 1 cm, water flux was measured, and vapor and liquid flux

was compared. During the final day of first stage evaporation, the water flow is

dominated by liquid water flow, with nearly all the evaporative demand entering the

upper grid block as liquid water. Two weeks later, vapor transport into the block

increased and water flow decreased, resulting in more equal flow of liquid and gas phase
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water, though liquid still dominates. This pattern is seen in three representative soils;

sand, loam and clay (Table 4).

Table 4: Vapor and liquid water flux through upper 1 cm of soil.

Soil Type

First
stage
liquid
flux

First
stage
vapor
flux

Ratio,
vapor to
liquid

Second
stage
liquid
flux

Second
stage
vapor
flux

Ratio,
vapor to

liquid
(mm/day) (mm/day) (mm/day) (mm/day)

Clay 1.232 5.99E-05 4.88E-05 0.557 0.016 0.028
Loam 1.324 3.49E-04 2.64E-04 0.755 0.080 0.106
Sand 1.406 5.77E-05 4.11E-05 0.541 0.135 0.250

Evaporation rate dynamics

Soil moisture dynamics were highly dependent on first stage evaporation rates

(Table 5). Three simulations were run for each of three soil types, sand loam and clay,

for a total of nine simulations. Each soil was exposed to low, medium and high

evaporation demand, at initial evaporation rates of 0.7, 1.4 and 2.8 mm/day respectively.

In all simulations the first and second stages of evaporation were observed, though a

simulation time of 300 days was needed to reach second stage evaporation for the loam

soil at low evaporative demand. In all soils increased potential evaporation decreased the

length of first stage evaporation, decreased cumulative evaporation before second stage

began, and increased 100 day evaporation rates.

In all soils the time to second stage evaporation increased with decreasing

evaporation rates, though the magnitude of increase varied slightly with soil type (Figure

5). The clay evaporated for only 3 days at the high evaporation rate of 2.8 mm/day, and

36 at the low rate of 0.7mm/day. The loam lasted the longest at the first stage,

evaporating for 33 and 240 days for the high and low evaporative regimes, respectively.

The sand followed the same pattern, with moderate durations of 25 and 130 days. First

stage duration increased by 12 times over the range of evaporative demands for the clay,

and only 5.2 times for the sand. The depth affected by evaporation increased with

evaporative demand in all soils (Figure 6).
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Figure 2: Duration of first stage evaporation in 12 soils, arranged in order of
permeability (above) and magnitude of van Genuchten parameter n (below).
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Figure 3: Soil Depth affected by evaporation at onset of second stage evaporation in 12
soils, arranged in order of permeability (above) and magnitude of van Genuchten
parameter n (below).
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Figure 4: Water content profiles in sand, clay and loam soils at onset of second stage
evaporation. Elapsed time equals 11 days for clay, 86 days for loam, and 54 days for
sand.

100 day evaporation rates were measured to determine the effect of evaporation

rate on long term total evaporation (Table 4). In all cases the 100 day evaporation rate

increased with increasing potential evaporation. Evaporation was greatest in the coarser

soils, at high potential evaporation, with the loam evaporating more than the sand. The

clay simulations showed very little change in 100 day evaporation rates, with rates

varying less than 8% over the three simulations.

The water content in the upper grid block was checked in all simulations to

determine if second stage evaporation begins at a set water content for a given soil

(Figure 6). Water contents in the upper 1 cm varied widely amongst the soils, with the

sand measuring 0.05-0.06 cm3/cm3, the loam between 0.14-0.24 cm3/cm3, and the clay

0.38-0.44 cm3/cm3.



Table 5: Evaporation dynamics with varying potential evaporation demands.

Soil
Evaporation

rate
Evaporation

rate

First stage
evaporation

length

Cumulative
evaporation

before first stage
evaporation

100 Day Average
Evaporation Rate

Water content in
upper 1 cm at end of

first stage
evaporation

(mw/day) (days) (mm) (mm/day) (cm3fcm3)

High 2.8 3 8.4 0.54 0.43
Clay Med 1.4 11 15.4 0.53 040

Low 0.7 36 252 0.50 0.38

high 2.8 33 92.4 1.62 0.24
Loam Med 1.4 86 120.4 1.38 0.14

Low 0.7 240 168 0.69 0.16

High 2.8 25 70 1.12 0.05

Said Med 1.4 54 75.6 1.05 0.06

Low 0.7 130 91 0.69 0.05
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Discussion

Texture dynamics

Texture had a profound effect on evaporation from the initially saturated soil.

The length of first stage evaporation varied from a low value of 5 days for the silty clay

to a high of 86 days in the loam and silt loam. While there is a faint pattern of prolonged

evaporation for the middle soils when sorted by intrinsic permeability, this pattern has

many outliers. A better pattern is seen when the soils are arranged in order of magnitude

of the van Genuchten parameter n (Figure 3). The parameter n is an empirical value used

in the relative permeability and capillary pressure curves and is related to pore size

distribution in soils. The depth of soil affected by evaporation also saw a peak in the

loamy soils and fell off towards the coarser and finer soils. This pattern was more poorly

fitted to a pattern when plotted in order of permeability and van Genuchten n.

Investigation of simulation outputs shows that very little water diffuses from the

interior of the soil matrix to the atmosphere during first stage evaporation. At the onset

of second stage evaporation, water flux into the upper 1 cm of soil in vapor form is 4 to 5

orders of magnitude smaller than liquid water flux via Darcy flow in the same area. In

contrast, 2 weeks after the onset of second stage evaporation vapor flow is 2 to 25% the

magnitude of the liquid flow, a consequence of a decrease in liquid flow and an increase

in vapor flow.

Evaporation is maximized in the middle textures, such as the barns. For first

stage evaporation to occur, water needs to be evaporating from the soil surface, or

uppermost grid block. When the evaporative front drops below the surface the system

moves into second stage evaporation. Water is replenished near the soil surface from

water below flowing according to Darcy's Law

where q is the water flux in mm/day K is the hydraulic conductivity, 0 is the water

content, i,i' is the soil capillary pressure and z is distance. While the flow q is as great as

the evaporative demand, first stage evaporation occurs. When this flux falls below the

evaporative demand (in this case 1.4 mm/day), second stage evaporation commences.
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There are two factors limiting the length of first stage evaporation; permeability

and matric potential gradient. If the permeability is too low, water will not be able to

flow to the evaporating surface, while if the matric potential gradient is too low water

will not be drawn up to the surface. Soils with high permeability, such as the sands, tend

to have low gradient capillary pressure curves. Soils with low permeability, such as the

clays, tend to have high gradient capillary pressure curves, due to the high gradient and

the pressures involved. These simulations suggest that loamy soils tend to have the right

mix of high permeability and high capillary pressure gradients, especially at the low

water contents seen at the end of first stage evaporation.

Evaporation rate dynamics

Increasing the potential evaporation rate decreased the amount of time spent in

first stage evaporation for the three soils. Decreasing potential evaporation also

decreased 100 day evaporation but did not have a great effect on surface water content at

onset of second stage evaporation.

The three soils showed different sensitivity to an increase in potential evaporation.

Halving the potential evaporation rate increased the duration of first stage evaporation 2

to 4 times in the soils. The clay was most sensitive, where the first stage duration

increased by 360% between the medium and high potential evaporation regimes, while

the sand only increased 210% in the same transition. This is possibly due to the

similarity of the evaporation rates to the saturated hydraulic conductivity in the clay. The

clay hydraulic conductivity at saturation is 48 mm/day, a value within one order of

magnitude of the potential evaporation rate. In contrast, the sand saturated hydraulic

conductivity is over 7000mm/day, a difference ofover three orders of magnitude. As the

water content dropped, the clay hydraulic conductivity more quickly dropped below the

evaporative demand.

100 day average evaporation rates suggest that increased evaporative potential

increases long term evaporation, especially in the coarse soils. The 100 day evaporation

rate for the loam nearly tripled over the range of evaporative conditions, while the sand

nearly doubled. The clay soil showed very little difference in 100 day evaporation rates

between the tree regimes, suggesting a long term maximum evaporation rate of 0.54
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mm/day independent of potential evaporation rate. There is no positive effect seen in the

simulations of flash drying the soil, wherein the upper surface is quickly dried to induce a

quick transition to second stage evaporation.

While they varied greatly between soils, water contents in the upper 1 cm of soil

remained fairly constant in each soil, independent of evaporation demand. The

evaporative demand exceeds replenishment at a much wetter state for the clay than the

finer textures, due likely to the clay's low hydraulic conductivity. Water content values

were within 0.10 cm3/cm3 for all simulations. The sand water contents were strikingly

similar, with values within 0.01 cm3/cm3. This suggests that a method could be

developed to detennine the evaporation stage from the water content at the surface.

Conclusions

The simulations in this study examined a long known phenomenon, the first two

stages of evaporation in soils. The first stage of evaporation is thought to be completely

controlled by atmospheric conditions, though these simulations show that the duration of

this stage is highly dependent on soil texture. Loamy soils had a longer first stage than

finer or coarser soils, with evaporation reaching deeper into the soil. Evaporation rates

also are seen to have a large impact on the length of first stage evaporation, soil moisture

dynamics and 100 day evaporation rates. It has been shown that decreasing the potential

evaporation rate had an effect on the length of first stage evaporation and 100 day

evaporation rates. First stage evaporation increased with decreasing evaporation rates,

with the length increasing 2-4 times with a halving of the evaporation rate. The effect of

evaporation rate on 100 day evaporation is found to be very small in the clay and

substantial in the clay and loam.

These simulations were run with initial and boundary conditions for a specific set

of field conditions. Simulations were initiated at saturation, with a perched water table

near the surface. In cultivated systems with thin soil or topsoil over bedrock or an

impeding clay layer, especially where flood irrigation is practiced, this can be a common

condition. In many areas the water table is not near the surface, and drainage can play an

important role in water dynamics. Drainage will tend to increase soil drying, and speed

the end of first stage evaporation, reducing cumulative and 100 day evaporation.
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Drainage will be felt the greatest in the coarser soils, likely decreasing the length of first

stage evaporation in the sands and loan-is more than the clays. The values presented in

this paper should be thought of as estimations for the case described above, or as an

upper bound for the case of a deep water table.

Through these simulations, it is clear that soil texture must be taken into account

when estimating summer long or monthly evaporation. With an over fivefold increase in

100 day evaporation between the silty clay and loam soils, this difference can have a

huge impact on soil water loss. The potential evaporation rate can also have a large

impact on first stage evaporation duration, increasing the length of first stage evaporation

and decreasing 100 day evaporation rates with decreasing potential evaporation.

Further field and laboratory validation is needed to be undertaken to be able to

confidently apply these results to field conditions. In addition, a series of numeric

experiments is being undertaken to determine the effects of drainage on evaporation in

textured soils.
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Abstract

Salt redistribution and evaporation from soil cracks were investigated using a

validated soil moisture and evaporation model. A model of soil evaporation was created

using the EWASG module of TOUGH2 to investigate the effect of crack air convection

on evaporation and salt redistribution near soil cracks in vertisols. Evaporation was

found to increase 21% over a 100 day dry spell, lower than predicted from previous

research. Salt redistribution towards the crack was found to increase near crack salt

contents by over 350%, with the majority appearing as solid phase precipitated salt. This

salt is thought to occur mainly as precipitated salt along the fracture wall, susceptible to

bypass flow and possible conductance to the subsurface. Our model suggests that

evaporation and salt precipitation are a potentially major source of salt flux to the water

table, due to the low permeability of the clay matrix.

Introduction

Intensive management and drought conditions have exasperated saline conditions

in the farmland of many arid areas. When potential evaporation exceeds precipitation,

saline soil water will evaporate before draining to the subsurface. This evaporation can

lead to the accumulation of salt near the soil surface leading to plant stress and water

quality issues. In extreme cases this concentration can lead to the formation of salt crusts.

In arid and semi-arid environments the vadose zone is usually thick and this salt

accumulation rarely affects groundwater. This is the case especially in clayey soil where

the infiltration rate is slow. While the combination of the slow infiltration rate and

evaporative pressure suggest that salt drainage to the water table would be minimal,

cracked conditions create the possibility of bypass flow. Under managed agricultural

systems, high irrigation rates have increased bypass flow, with the potential of delivering

salt and other pollutants to the water table (Crescimaiino and S antis, 2004). Bypass flow

is especially important in low permeability cracked conditions such as can occur in

Vertisols (Ben-Hur and Assouline, 2002; Mitchell and van Genuchten, 1993). In areas of



low water availability this is further exacerbated by the increasing practice of irrigation

water re-use or saline water re-use (Crescimanno and Santis, 2004).

Salt crust formation in soil is driven primarily by evaporation of low

concentration saline pore water. A conceptual model has been developed describing

convection enhanced evaporation from fractured media (Weisbrod et al., 2005). While

evaporation from soil surfaces has been well studied through laboratory experiments

(Shimojima et al., 1990), field work (Parlange and Katul, 1992; Penman, 1948; Priestly

and Taylor, 1972), and the use of numeric models (Reynolds and Walker, 1984), little

work has been done to model the evaporation from a saline soil (Shimojima et al., 1996;

Yakirevich et al., 1997).

While the impact of soil cracks on evaporation was studied in the late 1 960s and

early 1970s (Adams et al., 1969; Ritchie and Adams, 1974; Selim and Kirkham, 1970),

these early works did not address the effect of fracture evaporation on saline

redistribution or the influence of air convection on evaporation. Recent research has

begun to measure the effects of salinization on evaporation rate (Shimojima et al., 1996)

and there has been some investigation into the relationships between evaporation,

salinization and soil crack formation (Lima and Grismer, 1992). There is very little

literature on the effect of saline conditions on evaporation from soil cracks. Few if any

modeling efforts have been undertaken to examine the link between evaporation and soil

moisture and salt redistribution in cracked soil. While field measurements suggest that

evaporation concentrates salt near fractures in low permeability chalk (Weisbrod et al.,

2000), the quantification of this process has not been investigated.

In concert with a series of field and laboratory experiments (Weisbrod et al.,

2005), a modeling effort has begun to investigated evaporation and saline redistribution

in low permeability media. While a number of numeric models have been developed to

simulate bare soil evaporation (Lascano and Bavel, 1986; Reynolds and Walker, 1984;

Ritchie, 1972), these models are not equipped to account for salt precipitation or the

effect of soil cracks on evaporation. The BWASG (Battistelli et al., 1997) module of the

TOUGH2 (Pruess et al., 1999) multiphase, multicomponent porous media numeric

simulator was used to construct a model of cracked soil evaporation. TOUGH2 is

designed to model fractured media, has been shown to be able to accurately model land-
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atmosphere relationships (Ghezzehei et al., 2004; Webb and Phelan, 2003), and the

BWASG module frilly models two phase salt reactions. TOUGH2 was chosen to model

this system due to its ability to model high variation in permeability, a necessary quality

when modeling crack/matrix interactions.

This study investigated the effect of soil cracks on evaporation from the soil

profile, salt flux within the soil profile, spatial distribution of solid-phase salt

precipitation. Additionally, the effect of increased soil salinity on evaporation was

investigated. The numeric model was validated against a laboratory experiment and

compared to published evaporation and soil moisture field data (Ritchie and Adams,

1974). The model was found to accurately reproduce the first, meteorologically driven

stage, and the second, matrix driven stages of evaporation, and the spatial distribution of

soil moisture in the profile. A modification to the standard TOUGH2 modeling

procedures, described below, was implemented to increase the accuracy of the modeling

code. The validated model was used to further investigate saline processes in a cracked

clay soil.

Methods

General code description with modifications

The numeric experiments were performed using the TOUGH2 simulator (Pruess

et al., 1999). TOUGH2 has been shown to be a robust and flexible simulator of water

flow and vapor diffusion, and especially robust for highly heterogeneous media (Pruess et

al., 1996). TOUGH2 uses the Richards equations to model water flow, the van

Genuchten equations (van Genuchten, 1980) for liquid permeability and matric potential,

and fully models diffusion and dispersion. The EWASG module (Battistelli et al., 1997)

of TOUGH2 was used for these simulations due to its ability to model salt in both the

aqueous and solid phases.

Before the simulations were run, the code's ability to model evaporation was

tested, and a significant problem was identified. When comparing TOUGH2 simulations

using the standard geometric framework to a simple laboratory experiment, TOUGH2

severely underestimated evaporation. Evaporation in TOUGH2 is driven by differences

in vapor pressures. The airspaces in elements containing liquid water are kept at a
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constant 100% relative humidity by the code. Initial conditions for crack and atmospheric

elements are set at a relative humidity less than 100%, creating a vapor pressure gradient,

resulting in water vapor flux driven by Fickian diffusion. It was quickly determined that

evaporation was slowed due to the geometry of the TOUGH2 grid elements. TOUGH2

automatically sets the connections between elements from center to center. This scheme

forces water vapor in soil matrix elements to travel through areas of high liquid saturation

to reach the matrix element boundary, where it diffuses into the atmosphere elements. In

reality, at high saturation, water evaporates from the soil surface, not from some point in

the interior. To avoid this problem most models employ very small elements near the

evaporation surface. While this minimizes the problem of underestimating evaporation,

it does not eliminate it, and furthermore creates a problem if salt deposition is also being

modeled. Once salt plugs the pores of the outer most elements, evaporation ceases.

To improve modeling results, two modifications were developed, tested and

adopted into the numeric scheme. To avoid a salt plugging problem, elements near the

evaporative surface were kept large. To accommodate surface evaporation from these

elements, the connections from matrix elements to atmospheric elements were adjusted

so that water vapor leaves from the edge of the element, rather than the center (Fig. 1).

The connection between the atmosphere and matrix elements is shortened so that it spans

from the edge of the matrix element to the center of the atmospheric element (Cl in

Figure 7). The length of the second connection (C2 in Figure 7) is increased to the edge

of the matrix element to keep element width constant. Since evaporation is controlled

numerically by the relative humidity gradient, the distance between the atmospheric

element center and the crack element edge represents an effective mixing layer. The

relative humidity gradient, and thus the evaporation rate, is controlled by adjusting the

length of this effective mixing layer. This modification allows for control of the

evaporation rate without imposing unrealistic relative humidity values, increasing

considerably the accuracy and flexibility of the model.

The modified model was tested against results of a simple laboratory experiment.

The experiment measured evaporation from an initially saturated 1-liter hydrometer

cylinder filled with 30/40 grade (425-600 tim) Accusand, a sorted laboratory sand with

well characterized hydraulic properties (Schroth et al., 1996). The sand was saturated,
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placed on a scale and allowed to evaporate for 80 days. Mass measurements were taken

automatically every 10

®@ Matrix Matrix

Figure 7: Old (above) and new (below) schemes for modeling connections between
elements. Connection 1 (Cl) is the effective mixing layer, adjusted to control
evaporation rates. Connection 2 (C2) is lengthened to keep total distance constant.

minutes. The laboratory is maintained at a constant temperature (20 ± 2°C) and relative

humidity (45 ± 5%), allowing for good agreement between experimental conditions and

model approximations. A numeric model of the sand column was created using

TOUGH2, incorporating the element comiection and residual water content modifications.

The numeric cylinder was modeled as a square pillar with the same height (42 cm) and

cross sectional area (28 cm2) as the laboratory cylinder. The atmosphere parameters were

set to the average laboratory conditions for the study period, 45% relative humidity and

20°C. The effective mixing layer depth in the simulation was adjusted so that TOUGH2

would reproduce the first-stage evaporation rate of the sand column experiment. The

model results were compared to the experimental data graphically.

Physical model

Following verification of the geometric modifications, the same numeric approach

was used to investigate field scale evaporation dynamics from a cracked soil. Models
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used for this investigation are described in the next section. The physical model for the

simulations is based on the field work of Ritchie and Adams (1974). Ritchie and Adams

investigated evaporation from a soil crack in Houston Black Clay in Eastern Texas.

Daily evaporation was measured using a weighing lysimeter with a depth of 1.20 m and

surface area 3.35 m2. The artificially created crack in the study ran 2.59 m diagonally

through the square lysimeter, with a depth of 0.5 m and surface width of 0.05 m (Figure

8). While complete weather data was not presented in the Ritchie and Adams paper,

approximate values for relative humidity were estimated from vapor pressure deficit by

assuming average daily temperatures.

1.20m

Figure 8: Simplified diagram of lysimeter and crack in the Ritchie and Adams (1974)
Field study. Circle magnifies the 5 cm slice of the modeled domain in simulations 1 A
through 3D.

The Ritchie and Adams field study was performed in three phases. In the first

phase the surface (without crack) was exposed and allowed to evaporate for 21 days. At

this point the crack was built and the surface covered. During the second phase, the soil

was allowed to evaporate only through the crack for 13 days. In the final phase the crack

and surface were left uncovered for 14 days. Daily evaporation rates for the second and

third phases were published, as well as the final soil moisture distribution.
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Numeric model

The Ritchie and Adams lysimeter dimensions were used as a template for numeric

mesh development. Using symmetry, only one half of the crack-soil space was modeled.

It was assumed that equipotential lines lay parallel along the crack length, so a 5 cm slice

of the space was modeled rather than the entire lysimeter volume. The modeled slice was

120 cm deep, modeling the entire depth of the lysimeter, and 60 cm wide, approximately

half the physical length, to accurately model average evaporation rates for the entire

lysimeter (Figure 9). Mesh element sizes were reduced near the crack and soil surface to

increase model accuracy. To create a domain 120 cm deep by 60 cm wide by 5 cm thick,

21 rows and 13 columns of 5 cm thick elements were built. The leftmost colunm

represented the crack, with elements varying in thickness from 0.025 cm to 2.5 cm to

model the triangular shape of the physical crack. This column was only 50 cm deep

corresponding to the maximum depth of the crack. Column widths away from the crack

increased from 1.0 to 10 cm. The same mesh design was used for the atmospheric

boundary, where the upper, atmospheric, row is 5 cm tall, and row sizes increase with

depth into the soil from 1.0 cm to 10 cm as delineated in Figure 3. All elements were 5

cm thick, resulting in model elements ranging in volume from 5 cm3 to 500 cm3, for a

total modeled volume of 3600 cm3 (Figure 9).

Soil matrix properties were modeled using the van Genuchten parameters for silty

clay (Carsel and Parrish, 1988) due to their close agreement with published moisture

content values for Houston Black Clay at 3.33 x iO4 Pa (1/3 bar) and 1.00 x Pa (1

bar). Van Genuchten parameters were laboratory measured values obtained using

disturbed-soil columns. To allow for the role of natural soil structure in water transport,

soil intrinsic permeability is set at 3.56 x 1 m2. This value was one order of

magnitude greater than the published value, allowing for macropore water flux. Porosity

was set at 47%, particle density at 2.65 g/cm3, and thermal conductivity at 1000 W/m.

Domain boundary conditions are depicted in Figure 9. The right-hand boundary

was a no flow (Neumann) boundary, to simulate the lysimeter edge. The lower boundary

was a constant head (Dirichlet) boundary, allowing for gravity drainage. The upper

boundary was also a constant head boundary, representing the atmosphere and allowing

evaporation elements. The lower left boundary beneath the crack (50 <z < 120 cm) was
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Figure 9: Standard geometric framework with boundary conditions used for all
simulations. Grey elements are matrix elements and white are atmospheric.

modeled as a no flow boundary to maintain symmetry. For the simulations that

included the crack, the crack boundary (0 <z < 50 cm) was a constant head boundary,

identical to the upper (atmospheric) boundary. In the simulations with no crack, the

crack atmosphere elements were removed and this boundary was changed to a no flow

boundary identical to the lower left boundary (Figure 9).

A standard framework of initial conditions was used for all simulations, with

some variation in soil matrix initial conditions between simulations. Initial conditions in

the atmospheric elements were the same for all simulations, with air temperature set at

20°C, relative humidity at 52%, and barometric pressure at 100 kPa. Relative humidity

was calculated using vapor pressure deficits presented in Ritchie and Adams (1974) with

typical temperature and barometric pressure values from the study area. Soil elements

were set to an initial liquid saturation of 60%, temperature of 20°C, and soil-air pressure

of 100 kPa (Table 5). Relative humidity within elements containing liquid water ais set

automatically by TOUGH2 at 100%. This framework used the geometric model design
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described above (Figure 9), with both the crack and surface evaporative fronts. The

following simulations used the standard framework with varying salinity.

Table 5: Initial conditions for standard framework

Atmospheric Relative Humidity 52%
(Temperature 20°C
LAir Pressure 100 kPa

I

Soil Liquid Saturation 60%

Simulations

Three sets of simulations were run using the standard framework described above

(Table 6). The first set of three simulations ("Ritchie -Adams Simulations", see 1A, B,

and C in Table 6) reproduced the physical design of the Ritchie and Adams field

experiment. The second set of two simulations ("Long-term Evaporative Dynamics", see

2A, B in Table 6) investigated the evaporation processes in cracked and uncracked soil

over a 100 day period. The third set of four simulations ("Saline Distribution", see 3A-D

in Table 6) investigated saline pore-water distribution, salt accumulation near the crack

surface in response to evaporation and salt drainage through the matrix.

Table 6: Geometry and initial salt content for 9 simulations of evaporation from cracked
soil.

Simulation Duration Crack
Evaporation

Surface
Evaporation

Initial salt
content

(days) (Y/N) (YIN) (Mass
Fraction)

Ritchie- 1A 21 N Y 0
Adams lB 13 Y N 0

Simulation 1C 14 Y Y 0
Evaporation 2A 100 N Y 0
Dynamics 2B 100 Y Y 0

3A 100 Y Y 0.015
Salinization
Dynamics

3B 100 N Y 0.015
3C 100 Y Y 0.100
3D 100 N Y 0.100



Ritchie-Adams simulations

The three simulations were run successively with initial conditions evolving

through the set. The first simulation (1A) used the standard framework described above

with the left edge set at no flow, allowing evaporation only from the upper soil surface.

This simulation ran for 21 days. The second simulation (1B) used the final soil moisture

distribution from Simulation 1A as initial conditions, and was allowed to continue

evaporating for 13 days with the crack reinstated and the boundary conditions along the

soil surface changed to no-flow, to allow evaporation only from the crack. The final soil

moisture distribution from Simulation lB was used for the initial soil moisture

distribution for Simulation 1C. Simulation 1C ran for 14 days while permitting

evaporation from both the crack and soil surfaces. Simulation results were compared to

the published results of Ritchie and Adams (1974).

Long-term evaporation dynamics

Once the model was validated against the Ritchie and Adams (1974) field data, it

was used to investigate long term evaporation rates and drainage in cracked and

uncracked soil over a period of 100 days. Simulation 2A permitted evaporation from the

surface but not the crack. Simulation 2B used the standard framework (crack evaporation

and surface evaporation) without modification. Both simulations were run for 100 days.

Saline distribution

A series of four simulations (3A-D) was designed to investigate the effect of soil

cracks on salt redistribution and solid-phase precipitation. Low and high pore water salt

concentration levels were investigated as evaporation evolved over 100 days. Both sets

used the standard framework, with and without the crack elements. In the low salt

simulations (3A and 3B) the pore-solution salt mass fraction was set at 1.5% (15 g salt

per 1 kg soil solution). In the high salt simulations (3C and 3D) the salt mass fraction

was set at 10% (100 g salt per 1 kg soil solution). Salt flux and solid phase precipitation

were analyzed. Results from each simulation were also compared to the no-salt

simulations of the previous set (2A and 2B) permitting analysis of the effect of salt

content on evaporation rates from cracked soil.



Results

Verification of modified numeric evaporation strategy

The modification to the standard TOUGH2 numeric evaporation strategy was

tested against a small scale laboratory experiment. The sand column experiment ran

through the first two stages of evaporation, the constant and falling stages. The first stage

lasted over 38 days. The second stage, where the evaporation rate decreases with the

square root of time, persisted past the end of the experiment (day 80). The third, very

slow, diffusion controlled stage was not reached in this experiment (Figure 10).

The first simulation was run without the modification to the connection lengths

discussed in the Methods section. This simulation ran successfully for the model duration,

80 days. Numeric results from this simulation did not match either the experimental

evaporation rate or the general shape of the experimental evaporation (Figure 10,

"Simulation 1"). The second simulation included the change to the connections between

matrix and atmospheric elements. The numeric data from this simulation was comparable

to the experimental results in both duration of first-stage evaporation, and second-stage

evaporation rate (Figure 10, "Simulation 2"). This validated modification was used in all

further simulations.

Ritchie and Adams simulations

Field evaporation rates for the initial 3 week stage (1A) of the experiment are not

available, so there is uncertainty whether the model reproduced this stage. The average

evaporation rates for the second (1 B) and third (1 C) simulations corresponded well to the

published values (Table 7), with evaporation rates within 7 and 15 % of the published

values, respectively. During the first stage (1A), evaporation was allowed to proceed

only from the soil surface, with a resulting rate of 0.44 mmlday. During the second stage

(1B), when evaporation was allowed to occur only from the crack, the evaporation rate

more than doubled to 1.02 mm/day. These values are comparable to the published field

values of 0.47 and 1.11 mm/day.
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Figure 10: Evaporation from a sand colunm with modeled results. Simulation 1
was run without connection modification and Simulation 3 was run with modification.

During the third stage (1C), evaporation was allowed from crack and surface. The

model simulated well the general trend in daily evaporation rates (Table 8). Both model

and field data exhibited initially high evaporation rate that decreased towards the end of

the experiment. Ritchie and Adams attribute this pattern to water condensing on the soil

surface during the (second) period when the soil surface was covered. This condensation

evaporated quickly when the cover was removed resulting in an initially high evaporation

rate. A similar phenomenon was seen in the model, but the process responsible for it was

water that redistributed upwards due to high matric potentials in the upper surface during

the second simulation. Numeric model data showed a steady decline in evaporation rate,

while the field results were more variable, due likely to changes atmospheric conditions

affecting potential evaporation and physical heterogeneity of the soil.

Table 7. Evaporation rates in Ritchie and Adams field work and model output.

Field Work Model Output
Surface only NA 1.20 mni'day
Crack Only 0.47 mn-ilday 0.44 mm/day
Crack and Surface 1.11 mm/day 0.94 mm/day
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Final soil water content distribution from the numeric model compare well to

published values. The Ritchie and Adams paper reported 20 data points on each side of

the crack, while the model produced 273 data points. The average water content with

distance from the crack surface shows general soil drying as the crack face is approached

(Figure 11). The model replicated well the general trend of the field data (same pattern),

but did not replicate subtle variability within the matrix, which as noted before is likely to

be the results of natural heterogeneity.

Table 8: Daily evaporation rates for the field and model during the final, surface and
crack phase.

Day Field Evaporation Rate (mm) Model Evaporation Rate
(mm)

1 1.50 2.02
2 1.15 1.44
3 1.60 1.42
4 2.30 1.35
5 0.70 1.23
6 0.75 1.12
7 1.15 1.10
8 1.20 0.76
9 1.10 0.69
10 1.10 0.67
11 1.10 0.65
12 0.75 0.64
13 0.60 0.63
14 0.50 0.61

Average 1.11 1.02
Standard
Deviation___________________________

0.47 0.43



41

0.22

0.21

0.2

0.19

0.18

.2 0.17

0o 0.16

0.15

0.14

0.13

0.12' I II

0 5 10 15 20

Distance From Fracture (cm)

Figure 11: Average water content profiles with depth vs. distance from crack.

Long-term evaporation dynamics

Two simulations were performed to measured evaporation from an uncracked (2A)

and a cracked (2B) soil system. The addition of the crack increased cumulative

evaporation from the system for the duration of the simulations. Initially the evaporation

rate for the cracked system was 193 mm/day, while the rate for the uncracked system was

134 mm/day. After 13 days the cumulative evaporation from the cracked system was

33% larger than the uncracked. Evaporation rates for both simulations decreased after

20 days, reaching a nearly equal evaporation rate of 33 mm/day towards the end of the

100 day simulation. Cumulative evaporation was 21% larger after 100 days for the

cracked system (Figure 12). The mean evaporation rates for the 100 days were 0.57

mm/day for the uncracked simulation and 0.69 mm/day for the cracked simulation.



2.5

C)
.

w>i

0.5

0 I

0 20 40 60 80 100

Time (days)

Figure 12: Cumulative evaporation rates over 100 day simulation runs. No pore-
water salinity.

Saline distribution

According to the simulations, crack evaporation was found to have an impact on

salt precipitation and redistribution. For low pore-water salinity, solid-phase salt

precipitation and migration resulted in a marked increase in salt content near the crack,

with a 340% increase within the centimeter closest to the crack (Figure 13). The

simulation with initially high pore-water salt content exhibited similar increase in salt

content (316%) within 1 cm of the crack face. In both cases, the increase was primarily

due to an increase in precipitated salt. The dissolved salt content near the crack in the

high salt simulation increased only slightly and actually decreased in the low salt

simulation. Average salt precipitation in the entire domain volume increased in response

to the crack by 8% and 12% for the low and high salt levels, respectively. It is important

to note that the TOUGH2 code limits solid phase precipitation to occur only within the

matrix elements, and does have the capability to precipitate onto the surface of the crack.
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Figure 13: Final salt content with distance from crack for high (3C, above) and low (3A,
below) salt concentration simulations with crack evaporation.

Results from these same simulation runs were used to determine the effect of salt

on evaporation rates. Salt content in the two (3A and C) simulation runs reduced

evaporation by 7% and 12%, for low and high initial salt concentration levels,

respectively (Figure 14). Evaporation decreased similarly in both the crack and no-crack
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simulations. Salt accumulation and its impact was not measured and considered in

Ritchie and Adams paper.
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Figure 14: Evaporation rates in no salt, low salt and high salt simulations with crack and
surface evaporation.

Discussion

The first two sets of simulations verified the ability of TOUGH2 to model

evaporation, in both laboratory and field settings. The modification made to the standard

procedures was determined to be more physically realistic and provided far more accurate

results than that of the unmodified model. The sand column model gave very accurate

results, owing to the well characterized nature of the experimental media and

environment. While the field experiment was not as accurately characterized, as one

would expect considering natural field heterogeneity, model still closely reproduced the

field results.

Results from the 100-day simulations to investigate long term evaporation

dynamics suggest that presence of the crack will increase total soil evaporation by 21%

over 100 days of drying. While evaporation rates were higher for the first 13 days (an
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increase of 33% for the cracked system), this is less than indicated from results of the

Ritchie and Adams experiment and the corresponding numeric model. The model and

field results found the crack contributes 42% of the total soil evaporation, compared to a

33% increase when the initial conditions were identical. Discrepancy between results of

the long-term numeric experiment and the Ritchie and Adams work may be related to the

experimental methods selected by Ritchie and Adams. In their experiment, the surface

was exposed to evaporative conditions for 21 days before measurements were taken.

This resulted in a predried surface, leading to the suppression of surface evaporation

during the third phase of the experiment. The design of the Ritchie and Adams field

experiment caused the overestimation of crack evaporation. The model also indicates

that the effect of the soil crack on evaporation diminishes with time, as evaporation rates

are very similar in the two simulations after 90 days.

The second set of 100-day simulations determined the effect of soil cracks on

solute flux and solid-phase salt precipitation. The salt content within 1 cm of the crack

more than tripled in both the low and high saline simulations. In the low saline

simulation, the salt content in the centimeter of soil closest to the crack increased from

0.92 grams/cm2 in the 5 cm thick slice to 3.16 grams/cm2. The salt content in the high

saline simulation increased from 6.00 to 19.02 grams/cm2 in the same slice. TOUGH2

cannot model this salt accumulation in the fracture cavity, instead placing it in the soil

matrix. Experimental and field work suggests that the majority of salt precipitation

occurs on the fracture surface (Weisbrod et al., 2000). The salt in this slice can then be

thought of as external precipitation and expressed as salt per unit meter of fracture length.

A crack of the dimensions in this study, evaporating from both sides, would accrue an

accumulation of solid-phase salt on the order of 446 and 2602 grams of salt per meter of

crack. The significance of this result is demonstrated by the form in which the salt

precipitation occurs. Salt crusts on the surface of soil cracks can be dissolved during rain

events or irrigation, and move downward as a saline plume. Efflorescent crusts on the

surface of chalk cracks in the Negev desert, Israel, were observed to form during the dry

season and dissolve during infiltration events (Weisbrod et al., 2000). Numeric results

show there is no net drainage of salt through the soil matrix, making any bypass flow of

high salinity water the sole source of saline transport to the aquifer under these conditions.
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The same set of simulations was analyzed to determine the effect of saline levels

on evaporative fluxes. Evaporation decreased by 7% in the low saline solution and 12%

in the high, primarily due to two factors: (1) Pore clogging by solid phase salt decreased

evaporation by decreasing the evaporative surface area and reducing permeability; (2)

The lower vapor pressure of saline pore-water reduces the vapor pressure gradient

between the soil and atmospheric elements, also lowering the evaporation rate.

Conclusions

A three dimensional model of evaporation, salt flux and drainage from a soil

crack was created using TOUGH2, a multicomponent multiphase numeric simulator. To

more accurately simulate evaporation a modification to the TOUGH2 standard procedure

was instituted, namely modifying the inter-element connections between atmosphere and

matrix elements. This new model with modification was verified against a carefully

controlled laboratory experiment and found to accurately model the first two stages of

evaporation. The numeric approach was also used to reproduce results of published field

data for a cracked clay soil and found to adequately reproduce field evaporation rates and

spatial distribution of soil moisture. The ability of the model to predict long term

evaporation in fractured environment is especially important due to the potential of

groundwater salinization from salts accumulated within fractures during evaporation.

Using the model reported in this paper, a knowledge regarding pore water composition,

atmospheric conditions, and an estimation of fractures distribution, one could predict the

overall potential for salt accumulation and consequently salts loading into groundwater in

a given area.

The verified model was used to determine the effects of evaporation from a soil

crack on water and saline dynamics. The model demonstrated the potential for salt

accumulation in bypass flow areas, which could lead to the salinization of subsurface

aquifers. Salt levels near a soil crack were shown to increase more than threefold. Most

of this salt increase came in the form of solid phase sat precipitation. Solid salt

precipitation has been shown to accumulate on the faces of chalk fractures and dissolve

under bypass flow, draining to the subsurface (Weisbrod et al., 2000). It can be inferred

that a similar process would occur in similarly low permeability clay soil. The process of
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fracture evaporation leading to salt concentration can result in accelerated water table

salinization.

The model also quantified the long term contribution of soil cracks and saline

content on soil evaporation. Soil cracks are found to increase evaporation by 21% with a

soil crack density of 1 crack per 3.85 m2. The presence of solutes in pore-water reduced

evaporation by 7% to 12%, likely due to pore clogging and vapor pressure suppression.

More work is needed to better quantify the impact of these two mechanisms on

evaporation from fracture, as well as the impacts of back diffusion and in fracture salt

precipitation.
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General Conclusions

Evaporation from soil is a well studied phenomenon, of import to soil physicists.

Two special cases of soil evaporation, evaporation from a confined aquifer, and

evaporation from soil cracks, were examined to determine specific aspects of the soil

evaporation question. The effect of soil texture and evaporative demand were examined.

The effects of soil cracks on evaporation and salt redistribution were also investigated. In

the process, a model of soil evaporation was constructed and tested, paving the way for

further investigations.

Soil texture is found to have a large impact on evaporation. Under a moderate

evaporative demand of 1.40 mm/day, long term (100 day) evaporation rates varied from

0.26 mm/day in the silty clay to 1.38 mm/day in the silt loam. This is a significant range

for land managers and those interested in the water balance. The depth of evaporation

was found to have a similarly significant range, from 7.0 cm to over 50 cm in the same

two soils. Evaporation depth has a significant impact on plant water use and

microbiological habitats.

Evaporative demand was also found to have an impact on long term evaporation

rates. A doubling of the potential evaporation rate was found to increase the 100 day

evaporation rate in all soil types, though the effect in the clayey soils was minimal.

Altering the evaporation rate was found to have a significant effect on the length of first

stage evaporation. In the case of the loam, a decrease in the potential evaporation rate of

50% increased the length of the first stage evaporation 2 80%. In all cases the cumulative

evaporation before second stage evaporation increased with decreasing potential

evaporation rates.

Evaporation patterns in cracked soil were found to be different in uncracked soil.

Evaporation was found to increase 21% with a 83% increase in evaporating surface area.

While this was not as great as found in previous field work (Ritchie and Adams, 1974),

this discrepancy is likely due to experimental design and short term effects. The impact

of fracture evaporation is found to decrease with time as the soil surface dries, lowering

evaporation in both the surface and upper crack.
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While the increase in evaporation due to soil cracks was smaller than expected,

the impact on salt redistribution was significant. Near crack salt levels increased to

nearly four times the initial value with the addition of a crack evaporation front. This

increase consisted primarily of precipitated solid phase salt. While TOUGH2 does not

allow salt precipitation outside of the soil matrix, experimental results suggest that this

precipitation is concentrated along the crack surface (Weisbrod et al., 2000). Cracks have

been shown to be bypass flow paths, making this salt susceptible to flow to near surface

water table (Crescimanno and Santis, 2004). This combination of events makes

evaporation concentrated salt in soil cracks a potentially large source of aquifer salinity.

These model exercises show that TOUGH2 is capable of modeling evaporation,

along with texture, crack and salinity effects. Soil evaporation is found to be affected by

these three factors, indicating that all three must be considered when modeling field to

basin wide water balance.
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