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Abstract

Attempts have been made in the previous studies to model the bare soil evaporation or
its restriction during soil drying. Recently, the concept of surface resistance, which is the
resistance to the vapor transfer in the soil, was introduced and being widely accepted as
useful concept to understand or represent the restriction of evaporation by soil moisture
deficit. However, there remained several unsettled questions, such as the structure and the
temporal variation of the evaporation zone.

In the present study, the microscopic physical process of bare soil evaporation, including
evaporation beneath the soil surface and water transport in the liquid and vapor phases, is
presented with an emphasis on the dry surface layer (DSL) phenomena. To investigate the
above processes, field observations on micrometeorology and soil hydrology were carried out
at three representative bare lands which consist of different types of soils, with a preliminary
investigation by means of numerical simulation.

Conclusions from the present study are as follows:

(1) Evaporation of soil water takes place at the bottom boundary of the DSL throughout
a day, and also occurs within the DSL in the forenoon. The former is caused by a deficit of
or insufficient liquid water supply from deeper soil layers, and the latter is introduced by
large change in the condition of equilibrium between the liquid and vapor phases of water
in the DSL with diurnal variation of solar radiation.

(2) For coarse-textured soils having low specific water capacity, the phase of water trans-
ported upward changes in a narrow zone around the bottom boundary of the DSL, and the
amounts of evaporation and condensation occurring within the DSL are small. In contrast,
for fine-textured soils having high specific water capacity, the liquid water transport is not
negligible in the DSL, and the two types of evaporation tend to combine over a wider zone.

(3) Degree of the restriction of evaporation during soil drying largely depends on the

depth of the dominant part of the evaporation zone. The movement of the dominant part

v



of the evaporation zone affects the partitioning of available énergy both in inter-diurnal
and diurnal time scales, and induces a change in diurnal variation patterns of energy fluxes
at the soil surface.

(4) A redefinition of the DSL is needed as the layer in which a reduction of relative
humidity occurs due to lack of or insufficient liquid water supply from deeper soil layers

and the layer has whitish color relative to that of the underlying soil.

Key words: bare soil evaporation, restriction of evaporation, surface resistance, evapo-

ration zone, dry surface layer (DSL)
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Chapter 1

Introduction

1.1 Objectives

In general, specific humidity of the air contacting with the surface of a fairly wet soil
can be taken as the saturation value at the temperature of the soil surface. Therefore,
the rate of evaporation from a wet soil-surface can hardly depend on the soil moisture
conditions. During the soil drying, however, specific humidity at the soil surface is reduced
below the saturation value, and then the evaporation is restricted strongly depending on
the soil moisture conditions.

In the last two decades, many investigators have attempted to quantify the effect of soil
drying on the restriction of evaporation, and numerous formulas for representing it have
been proposed. In those attempts, the concept of surface resistance, which is the resistance
to the vapor transfer in the soil, has been widely accepted as an useful concept to understand
or represent the restriction of evaporation. However, there remained several unsettled
questions, such as the structure of the evaporation zone (the zone where the vaporization
of water takes place), and its dependency on soil types or atmospheric conditions.

On the other hand, 1t 1s well known that the dry surface layer (DSL) is formed at bare soil

surface during soil drying. It has often been pointed out that the restriction of evaporation



is closely related to the formation of the DSL. However, there are few investigations on
the relationship between the evaporation zone and the DSL for soils other than sand.
Therefore, for a deeper understanding and quantification of the restriction of evaporation
during soil drying, more detailed process-studies on evaporation, including the structure
of evaporation zone and its relation to the DSL, should be carried out for various types of
soils under various atmospheric conditions.

In the present study, the microscopic physical process of evaporation from a dry bare
soil 1s presented based on the field observations carried out at the three representative bare
lands commonly found in the world. More specifically, the objectives of this study can be

summarized as follows:
1. To make clear the spatial distribution and temporal behavior of the evaporation zone.

2. To elucidate the relationship between the temporal and spatial structure of the evap-

oration zone and the soil physical properties.

3. To evaluate the effect of the structure of the evaporation zone on the restriction of

evaporation and surface energy balance variation.

1.2 Outline of the present study

A brief description of the background of this study and the review of related researches
are given in Chapter 2. Chapter 3 presents the structure of the evaporation zone simulated
by a numerical model, as a preliminary investigation. Description of field observation data
is given in Chapter 4, and some characteristics of the observation results are described in
Chapter 5, as basic information to be referenced for the subsequent analyses. Chapter 6
presents the results of the analysis from aspect of energy exchange between the soil and
the atmosphere. Chapter T gives analysis from aspect of water movement in the soil.

In Chapter 8, the restriction of evaporation is investigated quantitatively by applying a

o



model to the field observation results. Finally, discussion and conclusions are presented in

Chapters 9 and 10, respectively.



Chapter 2

Review of the literature

2.1 Significance of the study of bare soil evaporation

Evaporation from the land surface into the atmosphere is one of the most important
components of the hydrological cycle. It represents the return flow of water received from
rainfall back to the atmosphere. It has been of great interest to various fields of science
and social activity, since it is not only a process of water transport but also a process of
energy transport in the form of latent heat flux.

In the field of water resources management, evaporation is a subject of great concern,
particularly in arid and semi-arid lands, as a main process of the loss of water available for
human activity [Kayane, 1967]. According to the estimates of water balance components
of the continents of the world by Lvovitch [1973], total amount of evaporation (including
transpiration) from the surfaces of the continents occupies approximately 65 % of the
total precipitation to there. In Africa and Australia, the values reach up to 80 and 69 %,
respectively. Other researchers [e.g., Baumgartner and Reichel, 1975; Korzoun et al., 1977]
also gave almost similar estimates (see Table 1). Evaporation is also closely related with
the quality of water resources as well as their quantity. For instance, evaporation of soil

water involves not only loss of water but also the danger of water- and soil-salinizations,



Table 1 Some estimates of the mean evaporation and precipitation for the
continents (unit: mm/year) (after Brutsaert [1982] but slightly modified).

North  South Australia

Europe - Asia  Africa America America Oceania

Antarctica  Reference

Evaporatdon 415 433 547 383 1065 510 - Lvovitch
Precipitation 734 726 686 670 1648 736 - (1973)
Evaporaon 375 420 582 403 946 534 o3 Bhumeanner
Precipitation 657 696 696 645 1564 803 169~ angreche
(1975)
Evaporation 507 416 587 418 910 511 0 Korzoun et al.

Precipitaton 790 740 740 756 1600 791 165 (1977)




in regions where annual rainfall is low and groundwater table is at a shallow depth [e.g.,
Hillel, 1980, p. 110].

In atmospheric sciences, evaporation is important as a source of moisture and as a factor
affecting the thermal conditions of the bottom boundary of the atmosphere. For example,
many numerical studies have shown that the large scale atmospheric circulation and the
rainfall are sensitive to the distribution and amount of evaporation from the land surface
le.g., Walker and Rowntree, 1977; Shukla and Mintz, 1982; Yeh et al., 1984]. Numerical
experiments by Rowntree and Bolton [1983] showed that effects of soil moisture (and thus
evaporation) anomalies in a given area on rainfall or air temperature and humidity can
propagate into adjacent land areas. Yasunari et al. [1991] pointed out the significance of
snow melt and of the subsequent evaporation of soil water as a mechanism of an apparent
inverse correlation between the Eurasian snow cover extent in winter and the strength of
Indian monsoon in the following summer.

In agriculture or plant ecology, eva,poratibn is an important process since it affects the
thermal and moisture conditions of soils. Germination and early seedling growth are sen-
sitive to the moisture conditions of soils, and thus are often doomed during their most
vulnerable stage by the rapid soil-drying due to evaporation [Hillel, 1971]. Soil temperature
also affects numerous ecosystem-processes including dynamics of soil organisms, plant-root
growth, seed germination, nutrient uptake, and decomposition [Whitford, 1989; Kemp et
al., 1992]. For example, Shimada et al. [1997] pointed out a possibility that evaporation
and its controls of the thermal conditions of soils had strongly affected the formation of
current ecosystems in Sri Lanka. Thus, it is quite essential for various scientific fields to
understand the process of evaporation and to evaluate or predict accurately its amount.

Evaporation from land surface consists of evaporation from open water surfaces, bare soil
surfaces, and snow covers, evaporation of intercepted water on plant leaves and artificial
structures, transpiration from vegetation, and others. Ivaporation from bare soil surfaces

is the most dominant component particularly in arid lands. According to the literature



[Kondo, 1994, p. 3], forests, grasslands (including agricultural lands), and deserts (includ-
ing semi-deserts) occupy 34.0, 31.0, and 32.1 %, respectively, of land area on the earth
(not including the Antarctic Continent). Although not all deserts and semi-deserts are
completely bare land, the agricultural lands remain largely bare during approximately a
half of year in case of annual field crops. Furthermore, soil surface is partly exposed even
in forests and grasslands. Considering these situations, the role of bare soil evaporation is
quite large at the global scale.

In addition, many forests and grasslands are being lost due to deforestation and deser-
tification, and bare lands are extending year by year [e.g., Furley, 1994; Goudie, 1994].
Once land surface becomes bare, the growth of plants becomes difficult due to increase
of temperature variation and severe dry conditions of the soil, and then land degradation
progresses. Therefore, bare soil evaporation and its effect on the thermal and moisture

conditions of soils need to be more intensively investigated.

2.2 Factors affecting bare soil evaporation

By taking bulk transfer approach, the rate of evaporation (F) from bare soil surface is

represented as

E = pCpu(gs — qa) (2.1)
0.622pCg:
- _————[,)g_g—zi(es —_— ea)’ (2.2)
p

where p is the density of air, 'z the bulk transfer coefficient, v the wind velocity at a
reference level z,, ¢ the specific humidity, p (= 1013.15 hPa) the atmospheric pressure, e
the vapor pressure, and the subscripts s and a refer to the soil surface and the level z,,
respectively. Bulk transfer coefficient under neutral atmospheric stability conditions can
be expressed as [Brutsaert, 1982, p. 202]

ayh?

T In(za/700) 1 (20 Zom)

Cp (2.3)
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where a, (= 1.0) is the ratio of the eddy diffusivity for water vapor and the eddy viscosity
under neutral conditions, & (= 0.4) the von Kdrmdan’s constant, and zp, and zp, are the
roughness length for vapor and momentum transfers, respectively.

In general, equation of surface energy balance is given as
R,=LE+ H+G, (2.4)

where R, is the net radiation, LE (= [F) the latent heat flux, [ the latent heat for
vaporization, £ the evaporation rate, H the sensible heat flux, and G the soil heat flux.
By assuming that the soil surface is sufficiently wet (i.e., e; is given by saturation value
esat(Ts), where T is the soil surface temperature) and by replacing approximately (esq:(Ts)—
esat(14))/(Ts—1,) by the slope of saturation vapor pressure curve (s) at the air temperature

T., combination of Equations (2.2) and (2.4) gives so-called Penman’s [1948] equation, as

follows (slightly modified [Brutsaert, 1982, pp. 216-217]):

3 0.622pCru
Epen - "_—'Qn + i P-E
s+t sty p

(esat(Ln) — €a), (2.5)

where [£,., is the evaporation rate derived by Penman equation, @), (= R, — G) the
available energy, v the psychometric constant, eg,;(7,) the saturation vapor pressure of the
air, e, the vapor pressure in the air at z,. The term (es(7,) — €4) is often called as the
saturation deficit or the vapor pre.ssure deficit.

The Penman equation indicates what factors are affecting the evaporation from wet soil

surface, as summarized below:
e Available energy
e Wind velocity
e Air temperature

e Vapor pressure deficit



e Roughness of the surface

The net radiation can be broken down into several components as follows:
R, = (1 — CYS)RSd + e Rig — SSO'TS4 (26)

where R,y is the downward short-wave radiation (or solar radiation), e, the albedo of
the soil surface, Ry the downward long-wave radiation (or atmospheric radiation), &, the
emissivity of the surface, and o (= 5.6697 x 107® Wm/?K*) the Stefan-Boltzmann constant.

The soil heat flux can be represented by the following equation as the first approximation

for the simple case of a homogeneous semi-infinite soil whose surface temperature varies

sinusoidally [Sellers, 1965, pp. 135-138]:
G = Ap(wC\)Y*sin(wt + i}) (2.7)

where Ar is the amplitude of the surface temperature wave, w the angular frequency of
oscillation (27/(24 hours) for the diurnal cycle, 27/(365 days) for the annual cycle), C
the volumetric heat capacity of the soil, A the thermal conductivity of the soil, and ¢
the time. The parameter (CA)}/? has been called as the conductive capacity [Priestley,
1959; Petterssen, 1959], as the thermal property [Johnson, 1954; Sellers, 1965], as the
soil product [Haltiner and Martin, 1957], as the thermal contact coefficient [Businger and
Buettner, 1961; van Wijk and Derksen, 1963], and as the thermal inertia [e.g., Pohn et al.,
1974; Pratt and Ellyett, 1979; Carson et al., 1980; van de Griend et al., 1985]. The term
thermal inertia will be used in this study since 1t 1s widely used at present particularly in
the field of remote sensing.

Irom Equations (2.6) and (2.7), factors affecting available energy can be summarized as

follows:
e Solar and atmospheric radiation

e Albedo of the surface



o Emissivity of the surface
e Surface temperature and its amplitude

e Thermal inertia (volumetric heat capacity and thermal conductivity)

Among these factors, the surface albedo and the thermal inertia can largely change dur-
ing soil drying. Note that although the surface temperature can also change, it is not
an independent variable: surface temperature changes depending on the change in other
factors.

The relationship between the surface albedo and the water content of surface soil layer
has been derived by numerous researchers [e.g., Maruyama, 1962; Idso et al., 1975; Hwang,
1985; Passerat de Silans et al., 1989; Kondo et al., 1992; Fukumoto and Hirota, 1994].
Based on the results of those researches, it can probably be summarized that the soil drying
can introduce the change in surface albedo of approximately 0.15. Thus, the decrease in
available energy of 150 W/m? can be introduced by an effect of decrease in albedo due to
soil drying when R,y = 1000 W /m?.

The heat capacity of the soil can be theoretically expressed as a function of soil water
content [e.g., de Vries, 1963; Campbell, 1985]. The relationship between soil thermal
conductivity and soil water content has been investigated, for example, by de Vries [1963],
Kimball et al., [1976], Sepaskhah and Boersma [1979], Kasubuchi [1982], and Yamanaka et
al. [1994]. Figure 40 of Sellers [1965] or Figure 7 of van de Griend et al. [1985] indicate
that the decrease of 50 to 60 % in thermal inertia can be introduced by soil drying under
usual soil water conditions. This suggests that the increase in soil heat flux of 55 W/m?
(i.e., decrease in available energy) can be introduced by the decrease in thermal inertia
resulting from soil drying when soil heat flux under wet conditions is equal to 100 W /m?.
However, in reality, the soil heat flux does not decrease during soil drying, because the
amplitude of surface temperature wave increases due to soil drying and acts as counter

effect. According to the data of Hwang (1983), the increase of 36 % in soil heat flux was
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introduced by the decrease of volumetric water content from 0.38 to 0.23 under identical
radiation conditions.

Under considerably dry conditions of the soil, the decrease of evaporation can be induced
without the mechanisms mentioned above (i.e., without the changes in surface albedo and
in thermal inertia) because the specific humidity at the surface no longer is the saturation
value at the surface temperature. In other words, under those situations, actual rate of
evaporation is reduced below a potential rate. The effect of the decrease of surface humid-
ity on the evaporation reduction is often expressed as the decrease of (surface) moisture
availability [Barton, 1979] (or evaporation opportunity [Ward, 1967], evapo(transpi)ration
efficiency [Kim et al., 1996]).

Consequently, soil dryness (or soil moisture condition) affects evaporation through the

following factors:
e Surface albedo
e Thermal inertia
e Surface moisture availability

As mentioned above, the effect of the change in surface albedo on the available energy
is larger than that of the change in thermal inertia in common situations. On the other
hand, Yamanaka et al. [1995b] showed that the change of surface albedo due to soil drying
introduces the reduction of 15 % in evaporation rate while the change in surface moisture
availability introduces the reduction of 70 % in evaporation rate. Therefore, of these three
factors, surface moisture availability may be the most important.

In the present study, the term effect of soil drying on the restriction of evaporation is used
in a limited sense as the effect concerning the reduction of surface moisture availability,

not including the variation of surface albedo and thermal inertia.

11



2.3 Parameterization of evaporation and its relation
to soil moisture

In meteorology and climatology, numerous parameterization schemes of bare soil evapo-
ration have been proposed for the modelling of the global climate or for the satellite remote
sensing of a terrestrial environment. In parameterizing the bare soil evaporation, one of the
difficulties lies on how to consider or represent the surface moisture availability. Except for
several approaches, most schemes have introduced additional empirical parameters in the
formulas of evaporation for wet surface and those have been related to the water content
of surface soil layer of a few centimeters thickness.

Numerous schemes previously proposed can be divided into several groups based on the
type of their basic formula and the type of parameter representing the surface moisture
availability. It should be noted that the symbols used are not identical to those in original

referenced papers.

2.3.1 Classification of existing parameterization schemes

A) Bulk equation based scheme

Al. Alpha type In Equation (2.1), surface specific humidity ¢, is replaced with the

aqsai(T}), and evaporation rate can be expressed as

E = pCEu(aqsat(Ts) - Qa), (28)

where « is one of the parameters representing surface moisture availability and is equivalent
to the surface relative humidity Aj.

Barton [1979] derived experimentally a relationship between o and water content of
surface soil layer. Yasuda and Toya [1981) and Noilhan and Planton [1989] also reported

similar relationship but adopted different forms of function.
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On the other hand, when a thermodynamic equilibrium locally exists between the liquid
and vapor phases of water in the soil pore, the relative humidity & of pore air is theoretically
derived by the following equation [Philip and de Vries, 1957; Edelfsen and Anderson, 1943,

p. 260]
Vg

_f—i—ff)’ (2‘9)

h = exp(

where U is the water potential, which can be replaced by the matric potential 3 when
osmotic potential can be ignored, g the gravitational acceleration, R the gas constant for
water vapor, and T the temperature in Kelvin. Milly [1982] confirmed that the assumption
of the thermodynamic equilibrium is justified within the soil except for a special case,
such as artificially high infiltration rates into coarse soils. Contrary to this, Connel and
Bell [1993] introduced a parameter representing the rate of vapor-liquid phase change into
their numerical model. Nevertheless, in their companion paper [Connel et al., 1993], the
improvement of the prediction accuracy by considering the phase-change rate was not
obvious.

Philip [1957], Sasamori [1970], Nappo [1975], McCumber and Pielke [1981] and Camillo
et al. [1983] extended the application of Equation (2.9) to the soil surface: they used the
equation in calculation of a. Kondo et al. [1990], however, found out that the relationship
between o and water content of surface soil layer of 2-cm thickness depended on wind
velocity and air humidity. Their result indicates that it is not appropriate to relate a to
the water content of the soil layer of, at least, a few centimeters thickness. This problem
exists not only in the theoretical approach based on Equation (2.9) but also in the empirical
approaches of Barton [1979] and others.

It should be noted, however, that the result of Kondo et al. {1990] does not necessarily
deny validity of Equation. (2.9). The problem comes from the inappropriate choice of
the thickness of surface soil layer, rather than the application of Equation (2.9) itself.

Wind tunnel experiments of Yamanaka et al. [1995a] showed the possibility that o can be
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accurately estimated by Equation (2.9) if one uses the water content or water potential of

a sufficiently thin surface soil layer.

A-2. Beta type So-called evaporability [Manabe, 1969] (F,;) is defined by the fol-
lowing equation:

Esat = pCEU(Gs0t(T5) — Ga)- (2.10)

In estimating the energy balance of the earth’s surface, Budyko [1956] introduced the

following simple scheme:

E = /BEsah (211)

where § is one of the surface moisture availability parameters, and is usually given by a
function of soil water content. Manabe [1969] used the scheme in his general circulation
model (GCM) for simulating the global climate. Deardorff [1977] applied the scheme to
a bare soil surface and verified its validity from comparison of predicted soil moisture
variation with observed result. Lee and Pielke [1992] proposed a more realistic function for
[ based on observed data for two different soils.

However, it has been revealed recently that 8 depends on wind velocity as well as soil
water content [Kondo et al., 1990; Fukumoto and Hirota, 1994]. In addition, a negative
correlation between actual evaporation and wind velocity was also reported [Chanzy and
Bruckler, 1993; Yamanaka and Takeda, 1994a and 1994b]. The negative correlation can-
not be simulated by using the # approaches. In other words, fictitious variation can be
introduced in evaporation rate estimated by using the § as a function of soil water content

only, depending on the variation of wind velocity.

A3. Surface resistance type By assuming that the evaporation takes place within
the soil and that the surface humidity is determined by the balance between vapor transport

in the atmosphere and that in the soil, evaporation rate can be expressed as

L= /)a(qsat(TS) - qa)/(ra-v + T’S),

—~
[N]
—t
no

SN
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where rav(é 1/Cgu) is the resistance to vapor transfer in the atmosphere, and r; the
surface resistance (resistance to vapor transfer in the surface soil). Numerous formulas
for representing the surface resistance by the water content of surface soil layer have been
proposed [e.g., Sun, 1982; Passerat de Silans, 1986; Kondo et al., 1990; van de Griend and
Owe, 1994]. Those formulas were experimentally obtained. As used in the SiB (simple
biosphere model) [Sellers et al., 1986] which has been accepted as a powerful sub-model of
GCM, this ry approach may be one of the most widely used schemes now. However, it was
reported that the relationship between r; and surface water content varies in the course of
a day [Camillo and Gurney, 1986; Daamen and Simmonds, 1996]. Yamanaka et al. [1997]
also showed that the relationship slightly depends on radiation conditions. This is caused
by ignoring the difference between the soil surface temperature and the temperature at
which the vaporization of soil water actually takes place (i.e., evaporation zone). As a
result, evaporation rate estimated by this scheme may have a fictitious correlation with
radiation change.

Choudhury and Monteith [1988] proposed the following non-empirical scheme:
B = p(guelT) = @)/ (rau +73), (213)

where T, is the temperature at the evaporation zone within the soil, and 77 is the mod-
ified surface resistance considering the difference between 7, and T,. While r; is usually
estimated empirically from surface water content, ¥ 1s obtained non-empirically from the
depth of evaporation zone (z.). Yamanaka et al., [1997] demonstrate the validity of the rZ
approach by their wind tunnel experiments for a uniform fine sand. In their experiments,

r> did not depend on radiation conditions and other atmospheric conditions.
B) Penman equation based scheme

B1l. Beta type As mentioned in the previous section, Penman equation does not give

the actual rate of evaporation from dry soils. Therefore, for estimating actual evapora-
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tion (FE, or actual evapotranspiration) from potential evaporation derived from Penman
equation (Epe,, or potential evapotranspiration), it is necessary to take into account the
evaporation ratio [e.g., Kayane, 1967; Nakagawa, 1984] (8’ = E/E,.,). If one obtains the
relationship between the evaporation ratio and soil water content, actual evaporation is
estimated from known atmospheric variables and soil water content by using the following

relationship:

E=fEpen. 2.14)
p

Many types of function for the evaporation ratio have been proposed [e.g., Veihmeyer and
Hendrickson, 1955; Thornthwaite and Mather, 1955; Budyko, 1956; Holmes, 1959; Marlatt
et al., 1961]. Recently, Chanzy and Bruckler [1993] proposed a more realistic function based
on detailed observations in three types of bare soil. In their function, the evaporation ratio
depends on soil type and wind velocity as well as soil water content.

Although Equation (2.11) is quite similar to (2.14), it should be noted that the both
are not identical as explained, for example, by Milly {1992]. The difference between # and
(' originates in the difference between E,, and FE,.,. The E,; is calculated by using the
surface temperature at an actual dry surface. On the other hand, although the Penman
equation does not use the surface temperature, it implicitly uses the surface temperature
for a hypothetically wet surface (i.e., which is cooled by evaporation at potential rate).
Therefore, E,., is equal to E,; for actual wet surface, but differs for dry surface (£, >

Epen). Thus, the function for 8’ is not identical to that for £.

B2. Surface resistance type Penman-Monteith equation [Monteith, 1973, p. 197]

for vegetated surfaces is expressed as

— SQn + pcp(esat(Ta) - 6ct)/rr‘av (()

L :
S + A/(T(Z’U + TC)/TII'U

15)

where 1, is the canopy resistance which includes stomata resistance and the effects of canopy

structure on vapor transfer inside the canopy. When this equation is applied to a bare soil
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surface, 7, can be replaced by r;, and thus Equation (2.15) is rewritten as

E — SQTL + pcp(esat(Ta) - ea)/rav
$§ + A/('rau + Ts)/lrau .

(2.16)

The resistance r; in this equation is essentially identical to 7, in Equation (2.12).
On the other hand, Budogovsky [1964] and Menenti [1984] independently proposed the
following equation similar to Penman-Monteith equation (slightly modified [Yamanaka and

Takeda, 1994a}),

STGUQTL + ’YIP(QSat(Te) - qa) - ScppzeG//\s

LE =
STay + Y(Tay + 72) + sCppze/As

(2.17)

where A, is the thermal conductivity of the surface soil. The resistance r} in this equation
is essentially identical to 7} in Equation (2.13). Experiments of Yamanaka et al. [1995b]
showed a good agreement between the evaporation rate estimated by this scheme and that

measured by a weighing lysimeter.

C) Priestley and Taylor equation based scheme Instead of Penman equation,
Priestley and Taylor [1972] suggested the use of the following empirical equation (hereafter
referred to as P-T equation) for calculating evaporation from wet surface under conditions
of minimal advection:

E= O{pTEeq (218)

where apr is an empirical constant (~ 1.26), and FE., is the equilibrium evaporation [Slatyer

and Mcllroy, 1961] expressed as
s

= 2.
Boy= =0 (2.19)

Davies and Allen [1973] treated the parameter apr as a variable, and obtained an empir-
ical relationship between the apy and water content of surface soil based on measurements
for cropped surface. Barton [1979] also obtained the similar relationship for a bare soil
surface. Owe and van de Griend [1990] carried out a more detailed investigation on the

relationships for both vegetated and bare soil surfaces.

17



One of the most important advantages of this approach is that there is no need for the
knowledge of the bulk transfer coefficient or the aerodynamic resistance. However, because
P-T equation is one of the alternatives to Penman equation, it can be said that there are
similar problems as appeared in Penman equation-based approaches (e.g., systematic error

due to atmospheric conditions).

D) Threshold formulation scheme In the threshold formulation method [Mahfouf
and Noilhan, 1991], evaporation rate is assumed to be determined by the water flux £,

from bellow when F; is less than F,,;, namely as
E = min(p E;, Esat) (2.20)

where F; is the threshold rate of evaporation controlled by soil moisture profile, and p; 1s
the density of liquid water. Several formulations of E; have been proposed [e.g., Mahrt and
Pan, 1984; Dickinson, 1984; Wetzel and Chang, 1987; Abramopoulos et al., 1988].

This concept probably is right if one chooses proper time scale. The E; is, however,
difficult to be simply parameterized by using water content of one or two soil layers. Ac-
tually, the water flux within a soil usually varies in the vertical direction and E; is a mere
measure of water supply to the evaporation zone. Mahfouf and Noilhan [1991] stated that
threshold methods strongly underestimated evaporation and could not predict a diurnal

cycle of evaporation in their comparative study of various formulations of evaporation.

2.3.2 Problems concerning the methodology of parameteriza-
tion

The parameterization schemes for bare soil evaporation mentioned above are summa-
rized in Table 2. Except for the non-empirical surface-resistance approaches (i.e., z, based
approaches), all approaches are based on the water content of surface soil layer of a few

centimeters thickness. One of the main defects in the water content based approaches is

i
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Table 2 Summary of parameterization schemes for bare soil evaporation
proposed by previous studies.

Type Formula Parameter Reference
Bulk-alpha Philip [1957)
2 =
Eq. (2.8) a =exp(4 gIRT,) and others
a = cyw flw +¢,) w, < 0.375
” - Barton [1979]
=1 w, 2 0.375
a=c 0/(c,8+cy) 8, < 0.36
z - Yasuda and Toya {1981]
=1 0, = 0.36
a = (1/2)(1-cos(nb/6,.)) 6, < 8, )
4 Noilhan and Planton [1989]
=1 9s = 9fc
Bulk-beta
B=6/6 6, =6
Egs. (2.11), (2.10) e sk Deardorff {1977)
=1 0, > 0,
B = (1/4)(1 - cos(n6,/8;)) 6, < 6,
A Lee and Pielke[1992]
=1 . 2 0,
Bulk - Sun [1982]
. = 18 y° ,
surface resistance Eq. 2.12) r= ot (66, Sellers et al. (1986]
” r,=cexp(c,0,/8, ) Passerat de Silans[1986]
” ry= (8, - 6)7/D,, Kondo et al.[1990]
2 r, = 10exp(c,(cy ~ 8,)) van de Griend and Owe [1994)
Eq. (2.13) r=2JD,, Choudhury and Monteith [1988)
Penman-beta Eq. (2.14) f = [exp(c, O +cy))/[1+exp(c) O +cy)lcy+(1-cy) Chanzy and Bruckler [1993)
Penman- .
surface resisiance Eq. (2.16) ro=c,0,+c, Daamen and Simmonds [1996]
. Budogovsky [1964],
2 =z /D
Eq. 2.17) ry =2JD,, Menenti [1984)
P-T equaton Egs. (2.18), (2.19) apr= ¢, [1-exp(c,w,)] Barton [1979]
s Qpyp = € +C; exp(c30,/0;) Owe and van de Griend (1990]
Threshold
formuladon Eq. (2.20) E =2D(0, -8,)/6,+ K Mart and Pan [1984)
“ E = c,046,,,(c)*3 Dickinson [1984)
4 E=c (R gwm)oﬂ(gd(c2+4)»9wm(cz+3)]]/63 Wetze!l and Chang [1987)
P E = Desnl/ztﬁs Abramopoulos et al. [1988)

a, B, r,', B Qpp, and £ are the parameters representing surface moisture availability or effect of evaporation restriction; ¢y, Cyv and ¢y are
the empirical constants or semi-empirical variables; , the mawic head at soil surface level, R, the gas constant for water vapor; T, the soil
surface temperature; w, the gravimetric water content of surface soil layer; 8, the volumetric water content (suffix 5 denotes value of surface
soil layer; fc, value at field capacity; sar, value at saturation; ad, value at air-dry; d, value of deep soil layer; and wilt, value at wilting point);
D,,. the molecular diffusivity of water vapor in the air; z,, the depth of evaporation zone; D, ,, the effective vapor diffusivity in the soil; §, the
thickness of the surface soil layer.

ve?!
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that the water content is not uniformly distributed vertically within a surface soil layer
and its inhomogenity varies depending on atmospheric conditions. In other words, even
though the water content of surface soil is identical, surface moisture availability may not
be identical. In addition, the relationship between the surface moisture availability param-
eters and surface water content depends on the types of soils. However, it is considerably
difficult to obtain the relationships for various soil types by means of in situ measurements.

Consequently, the further requirements for the parameterization can be summarized as

follows:
e To avoid the systematic errors introduced by the variations in atmospheric conditions.

e To reflect the difference in soil types by considering basic properties of soils.

On the other hand, although the z. based approaches may satisfy these requirements
[Yamanaka et al., 1997], the structure and the dynamic behavior of the evaporation zone
have not been elucidated very well. Therefore, more detailed studies on the process of
evaporation, particularly the process of phase-transition of water within a soil, should be
carried out. Although, in practice, there are needs for simple parameterization rather than
accurate but complex parameterization, further understanding of the process of evaporation

would also help an optimum simplification of its parameterization.

2.4 Process of bare soil evaporation and its restric-

tion mechanism

2.4.1 General explanation

In the field of soil physics, the process of soil drying have been recognized to have two
distinct stages based on the variation in evaporation rate under constant external conditions

(see Figure 1).



first-stage drying

Evaporation rate

second-stage drying

Time

Figure 1 An illustration for the two stages of evaporation process (after
Campbell [1985] but slightly modified).



Hillel [1971, pp. 192-193] explained the two stages as follows:

“(1) an early, constant-rate stage, during which the evaporation rate is deter-
mined by external and soil-surface conditions (insofar as the latter modify the
effective atmospheric evaporativity acting upon the soil), rather than by con-
ductive properties of the profile; and (2) a falling-rate stage, during which the
evaporation proceeds at a rate ever lower than the evaporativity and the actual
rate is dictated by the ability of the soil profile to deliver moisture toward the

evaporation zone.”

As seen from the expression above, the first stage corresponds to a period where

¢sat(Ts), and also the second stage to a period where ¢; < ¢sa:(T5).

Hillel also explained the mechanism of the stage shift as follows:

“. .. the end of the first, i.e., the beginning of the second, stage of drying. . . is
sometimes accompanied by the downward movement into the profile of a drying
front or a drying zone, so that actual evaporation take place at some depth and

the water must move through the desiccated zone by vapor diffusion.”

4s =

Campbell [1985, pp. 98-99] gave a similar but more sophisticated explanation as follows:

and

“When the soil dries sufficiently that water cannot be supplied to the surface
fast enough to meet the evaporative demand, the soil surface dries and the
evaporation rate is reduced. This reduction is caused by the increased diffusion
resistance of the dry soil which is between the wet soil and the atmosphere. As

the depth of the dry layer increases, the evaporation rate decreased.”

“The depth of the dry layer which forms is determined by the rate at which

liquid water can be supplied to the drying front. If liquid water supply is too

o
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slow, the dry layer deepens, causing an increase in vapor diffusion resistance.
This reduces evaporation rate until supply and demand are brought back into

balance.”

These explanations indicate an importance of the formation of the dry layer and the po-
sition of the zone where vaporization actually takes place, in understanding a restriction
mechanism of evaporation.

Although expressions used to indicate the dry layer or the zone where evaporation takes
place are different among researchers (see Table 3), the terms, dry surface layer (DSL) and

evaporation zone, are used in the present study.

2.4.2 Relationship between the dry surface layer and evapora-
tion zone

It appears that there had already been people who accept the importance of the formation
of the DSL as the mechanism of the restriction of evaporation, a half of a century or more
before. In the paper of Penman [1941], descriptions similar to the explanation by Hillel and
Campbell are found. Budyko [1948] presented a model for the restriction of evaporation
based on the thickness of the DSL. Hide [1954] also pointed out the importance of the
formation of the DSL and the resistance to vapor transfer within the layer, in understanding
the restriction mechanism of evaporation. However, their ideas were somewhat speculative
without sufficient data.

It can be said that detailed investigations on the evaporation zone and the DSL began
from the paper of Philip [1957]. Philip carried out an analytical investigation on the
evaporation within the soil under quasi-steady-state conditions, based on the theory of
non-isothermal water transport by liquid and vapor phase [Philip and de Vries, 1957].
His calculations indicated that the phase transformation of water took place in a narrow

zone below the soil surface, and both inflection of water content profile and the peak of
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Table 3

layer (DSL), used in previous studies.

Some expressions for the evaporation zone and the dry surface

Reference

evaporation zone

dry surface layer (DSL)

English expressions

Penman [1941]

Hide [1954]

Philip [1957]

Benoit and Kirkham [1963)

Gardner and Hanks [1966]
Fuchs and Tanner [1966]
van Hylckama [1966]
Fritton et.al. [1967, 1970]

Heller [1968]
Abramova [1969]
Hillel [1980]

Barnes and Allison {1983]

Menenti [1984]

Mahfouf and Noilhan [1991]
O'Kane [1991]

van de Griend and Owe [1994]

Japanese expressions
Kayane [1973]

Nomura and Inoue [1979]
Iwata [1984]
Kobayashi et al. [1986]

Kuzuha et al. [1988]
Ishihara [1989]
Fukuhara et al. {1990]
Nakano [1991]
Hiyama et al. {1993]

Kondo [1994]

evaporation site

evaporation zone

evaporation zone, evaporation
surface, vaporization surface

evaporating layer
evaporation zone

evaporating front, evaporating
surface

evaporation front

evaporating surface
evaporative front

Johatsu-men

Johatsu-men

Johatsu-iki (evaporating region)

Johatsu-men (evaporating front),

Jjohatsu-iki

Jjohatsu-men (evaporating front)

dry layer
dry layer, static layer

surface air-dry zone,
surface air-dry layer

dry top layer, dry layer
dry top layer
dry surface layer

bone dry front

dried surface zone, desiccated
zone, drying-front

dry surficial layer, dry surface
layer, dry-soil layer

dry superficial layer

dry top layer

kanso-so, kanso-doso, kanso-
dojo-so

kansha-so (Dry Sand Layer)
kanso-so

kansha-so (Dry Sand Layer),
kanso-hyoso (Dry Surface
Layer)

kanso-iki

kanso-iki, kanso-so
kanso-so (drying layer)
kanso-hyoso (Dry Surface
Layer)

kanso-hyoso




vapor pressure profile were formed at the depth identical to that of the zone. Benoit
and Kirkham [1963] found out from their column experiment the fact that evaporation
rate decreased as the DSL develops, and pointed out that the DSL prevented water vapor
from being transported freely into the atmosphere. From measurements of soil heat flux
at several depths, Gardner and Hanks [1966] found that evaporation actually took place
beneath the soil surface and the evaporation zone moved downward during soil drying.
Laboratory experiments by Fritton et al. [1967] showed that the visually observed bottom-
boundary of the DSL approximately corresponded to the inflection of water content profile.
The correspondence between the bottom boundary of the DSL and the inflection of water
content profile has been also reported by other researchers [e.g., Nomura and Inoue, 1979;
Yamanaka et al., 1996].

Hanks et al. [1967] applied the theory of Philip and de Vries [1957] to the results of
their laboratory experiments and showed that the liquid water transport from deeper soil
layer was changed to the vapor flux at some depth below the soil surface. Fritton et al.
[1967] also found that the peak of Cl~ concentration profile appeared just below the bottom
boundary of the DSL. The liquid water flux transports Cl~ but vapor flux does not. Thus,
the finding of Fritton et al. [1967] implies that a change of upward liquid water flux to
vapor flux takes place at the bottom boundary of the DSL.

There are several investigations on the formation of DSL. Heller [1968] proposed a model
which describes the development of the DSL. Fritton et al. [1970] showed that the isother-
mal diffusion equation for liquid water were not able to simulate the formation of the dry
surface layer. In a numerical study of van Keulen and Hillel [1974], the possible influence
of different diffusivity-water content relations on the formation of the DSL is discussed.
They showed that the use of a hooked diffusivity function (which takes into account the
increase in vapor diffusivity in the dry range) allowed the simulation of the formation of
the DSL even though an isothermal condition was assumed. Campbell [1985] also pointed

out the important role of vapor transport on the formation of the DSL.
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As for the change of liquid water flux to vapor flux, there have been isotopic studies.
Allison et al. [1983] obtained in their laboratory experiments the isotopic concentration
profile which has a peak at some depth below the soil surface. Allison and Barnes [1983,
1985] reported that a similar shape of the profile was found under field conditions. They
regarded the peak of the profile as a location where liquid water flux changed to vapor
flux, based on a semi-empirical theory [Barnes and Allison, 1983, 1984] for the profile of
stable isotopic compositions in soil water. Although the theory of Barnes and Allison was
limited under specific conditions, it was later modified to be applicable for more general
conditions [Barnes and Walker, 1989; Shurbaji and Phillips, 1995; Melayah et al., 1996a]
and was verified under various conditions [Walker et al., 1988; Barnes and Allison, 1988;
Barnes et al., 1989; Shimojima et al., 1990; Shurbaji et al., 1995; Melayah et al., 1996b].

The explanations by Hillel and Campbell seem to have been derived from the researches
mentioned above. Besides these researches, numerous studies on the DSL and the evapo-
ration zone have been presented until now [e.g., Kobayashi et al., 1986, 1987, 1989, 1991a,
1991b; Ishihara et al., 1989; Fukuhara et al., 1990, 1992, 1994; Sato et al., 1990; Hiyama et
al., 1993; Takeda, 1993; Takano et al., 1997]. The results of these studies generally support

the validity of the Hillel’s and the Campbell’s explanations.

2.4.3 Structure of the evaporation zone

The evaporation zone has been often treated as horizontal plane (i.e., having negligible
thickness) located within the soil because of the visual clearness of the boundary between
the DSL and a relatively moist underlayer, particularly in sandy soils. The z.-based surface
resistance approaches mentioned in the previous section are examples of those. In fact,
analytical calculation of Philip [1957] showed that the thickness of evaporation zone was
approximately several millimeters. Numerical computations of Kuzuha et al., [1988] also

simulated the evaporation zone of a few millimeters thickness. Barnes and Allison [1988]



stated that the evaporation zone was narrow at least in moderately wet soils, based on
their isotopic studies.

van Hylckama [1966], however, stated that the DSL was not always as visible to the eye
and evaporation could occur throughout a considerable depth. Fuchs and Tanner [1967]
also indicated that the evaporation zone cannot be treated as a plane, from a disagreement
between observation and estimation by their energy balance model assuming the zero-
thickness evaporation zone. Furthermore, direct measurements of humidity within the
soil by Yamanaka et al. [1994] indicated that evaporation could transiently take place
at the upper part of the DSL. Although wind tunnel experiments of Yamanaka et al.
[1997] demonstrated the validity of the assumption of zero-thickness evaporation zone for
steady-state atmospheric conditions, the experiments under varying atmospheric conditions
showed that evaporation can take place within the DSL (not only at the bottom boundary)
due to the change in radiation (or resulting change in soil temperature). Therefore, there
1s a possibility that the structure of evaporation zone and its relation to the DSL depend
on the atmospheric conditions. Furthermore, in general the boundary between the DSL
and the underlayer is not very clear in fine-textured soils so that it is expected that the

structure of evaporation zone is also related to the soil type.
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Chapter 3

Preliminary numerical experiment
on the structure of the evaporation

z01ie

3.1 High resolution model of water and heat flows

As seen in Section 2.4.3, the structure of the evaporation zone has not yet been elucidated
in detail. One of the reasons for this is that an arrangement of measurement-devices or
calculation-nodes was not sufficiently dense in the previous works. Particularly in field
observations or laboratory experiments, it is actually impossible to measure water content
‘or flux with spatial intervals of 1 mm or less. The method of numerical computation,
however, allows investigation into this subject.

In order to clarify the microscopic structure of evaporation zone and to investigate its
theoretical aspects, numerical experiments were conducted using a one-dimensional model
of water and heat flow with very high resolution. Figure 2 shows the arrangement of
calculation nodes of the model. The soil profile of 60-cm thickness was divided into 144

layers, and the thickness of each layer ranged from 0.5 mm (near the surface) to 10 cm (at
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deeper depth).

The model used was fundamentally based on the modified Philip and de Vries theory
[Philip and de Vries, 1957; Sophocleous, 1979; Milly, 1982]. The basic equations of the
model are summarized in Table 4. Although the liquid water flux can be divided into
three components (i.e., component driven by matric-head gradient, that by temperature
gradient and that by gravity), the component driven by the temperature gradient was not
considered in Equation (3.3) since it is less important in dry soils (see Figs. 10 and 11
of Hanks et al. [1967] and see also Campbell [1985, pp. 102-103]). In Equation (3.4) the
first term on the right-hand side represents the vapor water flux driven by temperature
gradient, and the second term represents that driven by matric-head gradient. In Equation
(3.5) the first term on the right-hand side represents the heat flow due to conduction; the
second term indicates the transfer of latent heat by vapor movement. The sensible heat
transfer by the liquid water flow was neglected in (3.5) because of its less significance in
unsaturated soils [Shinjyo and Shirai, 1978]. Equation (3.6) describes the assumption that
water in the liquid phase and that in vapor phase are in local thermodynamic equilibrium,
and is almost identical to Equation (2.9).

Besides the two factors that were not adopted in the model as mentioned above, the
following factors were also neglected: hysteresis effects [e.g., Hillel, 1980, pp. 128-132];
spatial variability of soil physical properties [e.g., Warrick and Nielsen, 1980, pp. 319-344];
effects of salt or osmotic potential [e.g., Qayyum and Kemper, 1962; Letey et al., 1969;
Bresler and Laufer, 1974]; enhancement of vapor and heat transfers due to a steeper local
temperature-gradient [e.g., Philip and de Vries, 1957; Westcot and Wierenga, 1974; Cass
et al., 1984]; vapor transfer mechanisms besides molecular diffusion [e.g., Yamanaka et al.,
1997, Section 2.1.3]; effects of irregular surfaces and shrinkage cracks [e.g., Hillel, 1980, pp.
135-137]; swelling of clayey soils [e.g., Nakano, 1991, pp. 149-168]; non-Darcy behavior of
water movement [e.g., Iwata et al., 1994, pp. 324-330]; and others. These factors may be

important under certain special conditions. Therefore, although this model assumes some-
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Table 4 Basic equations in the high resolution model.

Equation Number

Continuity equations

CF = -2 (3.2)
Fluz equations

Ji= —pK (% - 1) (33

Jy = —Dych®28 — D, (p,g/ RT) % (3.4)

Jh = —(\ 4+ 1Dy h %) 1D, (p,g/RT)%L (3.5)

Vapor-liquid equiltbrium equation

h = exp(¢g/RT) (3.6)
Soil hydraulic properties

6 =0, + mﬁ(ﬁ-f’)—F (3.7)"

K = K o (lmel e ) (3.8)"
Soil thermal properties

C=Cn(l =0,)+CH (3.9)

A=ca+cgd—(ca—cp)exp[—(cch)E] (3.10)T
Soil diffusive property

Dye = 1.02D (0sar — 0)*/2 (3.11)}

pi, the liquid water density; 6, the volumetric (liquid) water content; ¢, the
time; p,, the water vapor density; 8,4, the saturated water content; J;, the
liquid water flux; J,, the vapor water flux; z, the depth; C, the volumetric heat
capacity; T, the temperature; J,, the heat flux; K the unsaturated hydraulic
conductivity; ¥ the matric head; D,., the effective vapor diffusivity within soils;
h, the relative humidity of soil-pore air; py,s.1, the saturation vapor density; g,
the gravity acceleration; R, the gas constant for water vapor; 8,, the residual
water content; a, m, n, the empirical parameters for soil hydraulic properties
(m = 1+ 1/n); K, the saturated hydraulic conductivity; C,,, the specific
heat for soil mineral; Cj, the specific heat for liquid water; ca, cp, cc, cp,
cg, the semi-empirical parameters for soil thermal conductivity; D,,, the vapor
diffusivity in air.

* van Genuchten [1980]

I McInnes [1981]

! Millington [1959]
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what ideal condition, it is worthwhile applying the model to obtain fundamental aspects
of the processes of evaporation and soil moisture movement.

As the lower boundary conditions, constant temperature and no water flux were assumed.
At the upper boundary, evaporation flux from the soil surface into the atmosphere (E) was
given as the sink of water, and R, — H — [E was given as the source of heat, where R, is
the net radiation, H the sensible heat flux from the surface into the atmosphere, and [ the
latent heat for vaporization. The R, was calculated by using Equation (2.6). The E and

H can be expressed by the following bulk-type formulas, respectively:

E = pCru(hsqsat(Ts) — qa) | (3.12)

H = pe,Cyu(Ts — Tv), (3.13)

where p is the density of the air, Cr the bulk transfer coefficient for vapor transfer, A,
the relative humidity at the soil surface, ¢y0:(7s) the saturation specific humidity at the
surface temperature 7%, ¢, the specific humidity of the air, ¢, the specific heat of the air at
constant pressure, C'y the bulk transfer coefficient for sensible heat transfer, and T is the
air temperature. In Equations (3.12) and (3.13) atmospheric stability correction was not
considered since it is not important to the subject of this study. The expression of (3.12)
is followed by the bulk-a type parameterization schemes. As mentioned in Section 2.3.1
(A1), if values for a sufficiently thin surface layer are used, the defects of this scheme can
be prevented. . |

The nonlinear partial differential equations (3.1) and (3.2) were solved by a Crank-
Nicolson implicit method with Gauss elimination. A flowchart of the computation is given

in Figure 3.
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Figure 3 Flowchart of computation in the high resolution model. The *-
values are referenced values at the period between two time steps.
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3.2 Experimental design

3.2.1 Atmospheric conditions

In this study two sets of atmospheric conditions were assumed, namely, constant atmo-
spheric conditions (Case 1) and diurnally varying atmospheric conditions (Case 2). Atmo-
spheric conditions and parameters concerning soil surface properties assumed for the Case
1 are summarized in Table 5. For the Case 2, diurnal variations of downward short-wave

radiation Ry and air temperature T, were given as follows:

R4 = max[800 cos(27 (¢ + 12)/24), 0] (3.14)

T, = 25 + 3 cos(2 (k1 + 10)/24), (3.15)

where t;; (hr) is the local standard time (LST).

3.2.2 Soil conditions

In the present study, three example soils were chosen as experimental soil materials.
Parameters in Equations (3.7) and (3.8) for the three soils are listed in Table 6 and soil
moisture characteristic curves described by Ec']uation (3.7) for the soils were shown in Figure
4. Since empirical parameters in Equation (3.10) were not available for each soil, identical

values were assumed for all soils (i.e., cq4 = 0.65;¢p = 1.38;¢cc = 27;¢p = 0.47;¢cp = 4).

3.2.3 Imitial conditions and experimental procedure

Constant temperature profile (25 °C) was given as initial conditions for the Case 1.
Initial matric-head profile was assumed to be equilibrium profile for a water table, and was
given by ¥ = z — z,, where z,, is the depth of the water table ( = 0.6 m for sand; = 5.0
m for loam and clay). Numerical computations for the Case 1 were continued until the

evaporation zone moved down to the depth of 2 cm below the soil surface.
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Table 5 Values of atmospheric conditions and soil
surface properties assumed in computation for the Case 1.

Variable Value
Downward short-wave radiation (W/m?) 800
Downward long-wave radiation (W/m?) 300
Wind speed (m/s) 5

Air temperature (C) 25
Specific humidity of atmosphere (kg/kg) 0.013
Surface albedo 0.4
Bulk transfer coefficient 0.00134




Table 6 Values of parameters for soil hydraulic properties (given
as Equations (3.7) and (3.8)) of three experimental soils.

. Q.ral Br a n Ksal
Soil
m*m?) m¥m®)  (1/m)  (-) (m/s)
Toyoura Sand” 0.412 0.0239 3.14 7.0 1.25x107
Silt Loam G.E3T 0396 0.131  0.423 2.06 5.73x107
Beit Netofa Clay T 0.446 0.0 0.152 1.17 9.49x107

* fitted to the data of Hiyama et al. [1993]
T data from van Genuchten [1980]
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Initial conditions for the Case 2 were given by the computational results for the Case 1.
Computations for the Case 2 were started from noon (;; = 12), and results for the 24-hour

period of the next day will be presented.

3.3 Computational results for constant atmospheric
conditions (Case 1)

Computational results for Toyoura sand under constant atmospheric conditions (Case 1)
are shown in Figure 5. The evaporation rate at each calculation node (Enoq4e) was evaluated
by the following equation:

0J, 0py(0se: — 0
+P( t )

Eno e — ; y
T 02 ot

(3.16)

where J, is the vapor flux, z the depth, p, the density of water vapor, 0,,; the saturated
(volumetric) water content, 6 the volumetric water content, and ¢ (second) is the time. The
figure indicates an inflection of water content profile, and also indicates that the upward
liquid water flux is converted to the vapor flux at the depth of the inflection point. In
addition, it can be seen that the Eroqe has a large value only at the depth of the inflection.

A very good agreement was found between these computational results and observation
results of Yamanaka et al., [1996] (Figure 6). This agreement demonstrates the validity
of the model used. From a comparison between the observed and computed results, an
inflection in water content profile appears to correspond to the visually determined bot-
tom boundary of the DSL. It is remarkable that the evaporation zone was located at the
inflection of water content profile (i.e., the bottom boundary of the DSL) and that the
evaporation zone was extrémely thin (less than 0.5 mm thickness).

The features that appeared in the results for the sand were also seen in the computed
results for silt loam G.E.3. On the other hand, Figure 7 for Beit Nefota clay indicates

that the evaporation zone was thicker than that in sand. A comparison between Figures
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5 and 7 clarifies that the decrease of liquid water flux toward the soil surface around
evaporation zone was gentler in the clay than in the sand. On the other hand, there is
another point of difference between the clay and the other soils. The vapor flux slightly
increased toward soil surface at the upper region of the DSL where no liquid water transport
from deeper soil layers exists. While the evaporation at each calculation node is negligibly
small, accumulated evaporation over the upper region of the DSL is certainly not negligible.
The soil moisture characteristic curve of the clay (see Figure 4) shows that the clay can
retain abundant liquid water at a low matric head level where liquid water transport is
difficult. The evaporation at the upper region of the DSL in the clay may be due to its

retention properties.

3.4 Computational results for diurnally varying at-

mospheric conditions (Case 2)

Figure 8 shows computational results for the loam under diurnally varying atmospheric
conditions (Case 2). The location of the evaporation zone diurnally varies to balance
the liquid water supply from deeper layer and the diurnally varying evaporative demand.
During the nighttime (5 and 20 LST), a part of the vapor that evaporated at the bottom
boundary of the DSL condenses within the DSL. Although the peak of vapor density profile
correspond not to the bottom boundary of the DSL but to the peak of temperature profile
in the nighttime so that some divergence of vapor flux (i.e., evaporation) can occur not
only at the bottom boundary of the DSL but also at the temperature peak, the value of
E,o4. at the temperature peak 1s considerably smaller than that at the bottom boundary
of the DSL. The relatively thick evaporation zone just after sunrise (7 LST) was probably
resulted from the condensation within the DSL during the nighttime. Evaporation within

the DSL, however, does not continue very long, and the profile at mid-afternoon (15 LST)
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is very similar to that obtained under the constant atmospheric conditions (see Figure 5
but for the sand).

On the other hand, diurnal variation of the location of the evaporation zone was not
remarkable for the clay (Figure 9). During the nighttime, condensation takes place within
the DSL as well as in the case of loam, although there are some condensation from the
atmosphere in the case of clay. The most interesting feature is that the evaporation zone
can be separated into two sub-zones (i.e., bottom boundary of the DSL and upper region
of the DSL). The upper evaporation zone moves downward with time and merges into the
lower evaporation zone. As a result, in mid-afternoon the two evaporation zones become
a single zone and then the structure of the evaporation zone is similar to that under the
constant atmospheric conditions. Amounts of condensation and re-evaporation appear to

be larger in the clay than in the loam.

3.5 Summary

Numerical experiments by using a high resolution model of water and heat flows produced
the following results:

(1) Under constant atmospheric conditions, the evaporation zone was mainly located at
the bottom boundary of the DSL and was considerably thin. However, the thickness of
the evaporation zone at the bottom boundary of the DSL depended on the soil types. In
addition, in fine-textured soils evaporation took place also at the upper region of the DSL,
even though there was no liquid water supply.

(2) Under diurnally varying radiation conditions, even in coarse-textured soils, soil water
transiently evaporated within the DSL through a condensation/re-evaporation process with
diurnal variation in solar radiation. Amounts of condensation and re-evaporation were
larger in fine-textured soils than in coarse-textured soils.

It should be noted that the results obtained by the model largely depend on the math-
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ematical representation of hydraulic properties (i.e., Equations (3.7) and (3.8)). It has
been pointed out that Equation (3.7) cannot well approximate data obtained at low water
content region [e.g., Nimmo, 1991; Ross et al., 1991; Yamanaka et al., 1995a]. Therefore,
more detailed observational studies for various types of soils should be done for verifying

this numerical results.
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Chapter 4

Data

4.1 Field observation site

Micro-meteorological and soil-hydrological observations were carried out at three sites:
the fallow site, the sand dune site, and the playa site (Table 7). The observation sites are
all representative bare lands which commonly exist in the world, and different types of the
soil.

Results of detailed soil analysis are summarized in Table 8. Particle size composition
was determined by the pipette method [Day, 1965]. Particle size limits and classification
of soil texture were determined by the method of International Society of Soil Science [e.g.,
Nakano et al., 1995]. Particle density was measured by the pycnometer method [Blake,
1965].

General descriptions of topography, climate, and others at each site will be shown below.

4.1.1 Fallow site -

Observation was performed at a pre-seeding radish field (60 m x 50 m), which was

located at the lacustrine lowland of Lake Kasumigaura, during the period of July 21 - 30,
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Table 7 Summary of the field observation sites.

Site Soil texture  Location

Fallow Sandy loam  Ibaraki, Japan (35°58'N, 140°27'E)

Sand dune Sand Tottori, Japan (35°32'N, 134°14'E)

Playa (dried lake)  Silty clay Kalgoorlie, Australia (30°32'S, 121°25'E)
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Table 8

Results of soil analysis for the three observation sites.

Site . Particle size composition Partic;le Porosity Bul}c
Soil texture (%) density density
Depth (m) Sand St Clay Mgm®) P (Mgm?)
Fallow
0-0.05 Sandy loam 80.7 9.5 9.8 2.74 61.7 1.05
0.05-0.10  Sandy loam 72.5 17.7 9.8 2.74 62.6 1.03
010-0.15 Sandyloam 705 202 93 274 622  1.04
0.25-0.30  Sandy loam 715 197 8.8 2.75 47.8 1.44
0.45-0.50 Sandy loam 73.0 19.2 7.8 2.76 52.8 1.31
Sand dune
0-0.05 Sand 96.2 2.0 1.8 2.68 43.8 1.50
0.05-0.10 Sand 95.7 3.0 1.3 2.68 44 4 1.49
0.10-0.15 Sand 952 3.0 1.8 267 444 149
0.25-0.30 Sand 94.7 3.5 1.8 2.68 44.1 1.50
0.45-0.50 Sand 96.7 2.0. 1.3 2.69 44.8 1.48
Playa
0-0.05 Silty clay loam 20.8 57.3  21.9 2.69 62.4 1.01
0.05-0.10  Silty clay 16.8 56.8 264 2.71 58.2 1.13
0.10-0.15  Lightclay 158 417 425 2.50 56.9 1.08
0.25-0.30  Heavy clay 132 262 60.6 2.53 46.5 1.36
0.45-0.50  Heavy clay 122 31.6 56.1 2.55 46.3 1.37
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1996. Although the field was surrounded by fields of various types of crops (e.g., paddy,
water melon, corn), the area including the surrounding fields was almost flat. The soil of
the field is classified as Coarse-textured Brown Lowland Soils (Shiba series), which have no
humus horizon and small humic content (< 5%) [Ibaraki Pref., 1987]. Soil texture of the
soil is sandy loam (see Table 8). The surface of the field was tilled one week before the
beginning of the observation period to remove weeds which were sparsely growing.
Climatic conditions, and rainfall records before and during the observation period at and
around this site are shown in Figure 10. The data presented in the figure were all obtained
at Sawara station, Japan Meteorological Agency (35°55’ N, 140°30" E). Average annual

precipitation is 1375 mm [Choshi Local Meteorological Observatory, 1980].

4.1.2 Sand dune site

Field observation was carried out in a coastal dune, Tottori Sand Dune, during the
period of Aug. 11 - 19, 1996. Most parts of the dune were bare condition, while pine
forests distributed at the part of the inland side margin of the dune. Because this sand
dune was very hilly, a relatively flat section (500 m x 500 m) in the dune was selected
as the observation site. The central point of the selected section was at the distance of
approximately 450 m from the coast and 250 m from the pine forests. The soil at the site
is classified as Sand-dune Regosols, which have no formation of A-horizon and extremely
small humic content [Tottori Pref., 1975]. Soil texture of the soil is sand (see Table 8).

Climatic conditions, and rainfall records before and during the observation period at and
around this site are shown in Figure 11. The data presented in the figure were all obtained
at Tottor station, Japan Meteorological Agency (35°29" N, 134°14" E). Average annual

precipitation is 1949.5 mm [Japan Meteorological Agency, 1991].
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4.1.3 Playa site

Field measurements were conducted at a dried-up playa-lake, Arrow Lake (1 km x 1
km), during the period of Mar. 7 - 12, 1996. The lake was surrounded by low woods of
casuarina and eucalyptus with scattered saltbushes. At the playa floor, vegetation scarcely
existed because of its hyper saline conditions. Although the surface was almost flat, there
were many cracks of approximately 2 cm deep. The soil at the site is classified as Massive
Sesquioxidic Soils (red earths), in which horizons are often weakly developed [Hubble et al.,
1983]. Soil texture of the soil ranges from silty clay loam to heavy clay (see Table 8). As
a typical feature of Massive Sesquioxidic Soils [Hubble et al., 1983], Table 8 indicates that
clay content of the soil gradually increases with depth.

Climatic conditions, and rainfall records before and during the observation period at and
around this site are shown in I'igure 12. The data presented in the figure were all obtained
at Kalgoorlie-Boulder station, Bureau of Meteorology, Australia (30°47 S, 121°27" E).

Average annual precipitation is 259.9 mm [Bureau of Meteorology, Australia, 1994].

4.2 Measurements

Measurement components and their methods are summarized in Table 9. On an inten-
sive observation day (10D) selected arbitrary during the observation period for each site,
sampling frequencies of surface water content and thickness of the DS, were increased, and
1sotopic composition of surface soil water was added to the list of measurements (see Table
9b). Furthermore, soil-profile investigation was carried out on an arbitrary day (see Table

9c). Measured values of micro-meteorological elements were averaged every hour.
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4.2.1 Micrometeorological elements

Horizontal location of the micrometeorological observation tower, where anemometers,
ventilated thermometers and humidity sensors were installed, was decided to make use of
advantage of a longer fetch by considering the dominant wind direction. Vertical arrange-
ment of instruments on the tower were also decided by considering the fetch requirement
for each observation site.

All anemometers, thermometers, and humidity sensors were calibrated using the wind
tunnel of the National Research Institute for Earth Science and Disaster Prevention. In
addition, to reduce further instrumental errors between two ventilated thermometers or
two ventilated humidity sensors, comparative measurements (with ventilation) under field
conditions were carried out and then one set of ventilated thermometer/humidity sensor was
calibrated by referring the outputs from another set of thermometer/humidity sensor. Net
radiometer and albedometer were also calibrated by comparing the outputs of them to those
from standard instruments in the experimental field of the Environmental Research Center
of the University of Tsukuba. These calibration procedures were performed before and after
the observation periods. The root mean square differences (RMSD) between the calibrated
values from each instrument and the referenced values from standard instrument are 0.03-
0.07 m/s for anemometers, 0.011-0.026 °C for thermometers, 0.31-0.65 % for humidity
sensors, 0.055 °C for ventilated thermometers, 0.30 % for ventilated humidity sensors,

12.66 W/m? for radiometer, and 4.42 W/m? for albedometer.

4.2.2 Soil water content

Soil water content was determined by soil sampling and oven dry method (at 110 °C).
Soils were sampled by soil core samplers (100 cc) at 0-5, 5-10, 10-15, 25-30 and 45-50 cm
depths and were sampled by using a small shovel (sampling volume: 100 cc) at the other

depths.

U
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Volumetric water content § was evaluated by the following relationship:

0 = w (4.1)

P
where w is the gravimetric water content (= M,,/M,, M,, the mass of liquid water, M, the
mass of soil particles), p, the dry bulk density of the soil (averaged over several samples
that obtained at the same depth), and p; the density of liquid water. In the evaluation of
water content in the shallow depth zone, where the soil was sampled by using a shovel, the
value of bulk density for 0-5 or 5-10 cm depth was used. Soil sampling was performed at
horizontally different two points, and then the values were arithmetically averaged. The
RMSD of measured water content between the two samples were 0.39 % at the fallow site,
0.30 % at the sand dune site, and 1.35 % at the playa site. The large value of RMSD at

the playa site may be due to a large variability in soil water distribution.

4.2.3 Thickness of the DSL

The thickness of the DSL was measured with a caliper square by excavating the soil
surface. The bottom boundary of the DSL is visually distinguishable from the contrast of
color between the DSL and the underlying soil layer [e.g., Fritton et al., 1967; Matsuda
et al., 1977]. Measurement of the thickness of the DSL was carried out at horizontally

different ten points, and then its arithmetic mean and standard deviation were calculated.

4.2.4 Stable isotopic analysis of soil water

Soil sampling for stable isbtopic analysis was made using a small shovel, and sample soils
were shield up in double polyethylene bags to prevent the change in isotopic composition
due to evaporation or mixing of vapor from the air. Sample waters were extracted from
the soil by the ordinary temperature distillation (OTD) method [Yamanaka and Shimada,

1997] at the fallow site and at the sand dune site, and by the azeotropic distillation method
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[Revesz and Woods, 1990] at the playa site.

For deuterium analysis, extracted water samples were deoxidized by zinc reduction
method [e.g., Coleman et al., 1982; Kendall and Coplen, 1935}, and D/H ratio was deter-
mined with MAT 252 (Finnigan MAT) mass spectrometer of the Institute of Geoscience,
University of Tsukuba. For oxygen-18 analysis, CO, equilibration method [e.g., Epstein
and Mayeda, 1953] was used for the preparation of samples and *0/'0 ratio was de-
termined with Delta S (Finnigan MAT) mass spectrometer of the Institute of Geoscience,
University of Tsukuba. The isotopic compositions are expressed in the standard §-notation
as per mil deviations from the internationally accepted V-SMOW (Vienna Standard Mean
Ocean Water; Craig [1961], Gonfiantini [1978]).

The reproducibility in sample preparation and analysis by the mass spectrometer is 41
°/oo in 6D and £0.1 °/s in §'®0. The error caused by water extraction from the soil
(including that caused by sample preparation and mass spectrometer analysis) is £2.5 °/4,
for 6D and £0.47 °/,, for §'*0 by the OTD method [Yamanaka and Shimada, 1997], and
is £2 °/,, for 6D and £0.2 °/,, for §'¥0 by the azeotropic distillation method [Revesz and
Woods, 1990].

Although Yamanaka and Shimada [1997] stated that the accuracy of the OTD method
obtained for a sand might change for different types of soils, Table 10 indicates the almost
same magnitudes of the accuracy both in §D and §*®0 for sandy loam of the fallow site.
On the other hand, interlaboratory comparison by Walker et al. [1994] indicates that
errors in the azeotropic distillation method larger than those shown by Revesz and Woods
[1990] could be introduced by any cause in the operation of distillation procedure. Thus,
the accuracy of the azeotropic distillation method in the present study may be somewhat

worse than that listed above.



Table 10 Comparison of § values between water extracted by centrifugation
method and that by ordinary temperature distillation (OTD) method. Samples A
and B were collected at the fallow site, but at different depth.

Sample ca OTD® Diff.c Ref. err.d
8D (%0)
A -76.8 135 3.3 2.5
B -93.4 -90.5 2.9 2.5
8130 (%o)
A -9.32 -9.00 0.32 +0.47
B -10.67 -10.88 -0.21 +0.47

8 9 value of water extracted by centrifugation
b § value of water extracted by OTD

¢ Difference of & values between water extracted by centrifugation and that by OTD
d Referenced value of error introduced by OTD (from Yamanaka and Shimada [1997])
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4.2.5 Chemical compositions of soil water

Only at the playa site, measurements of electric conductivity (E. C.), cation and anion
concentrations of soll water were performed because it was expected that there was salt
accumulation.

Sample water was prepared by adding 100 g distilled water to 20 g moist soil and by
shaking those sufficiently. Electric conductivity of the sample water was measured by an
E. C. meter (SC-82, Yokogawa). Concentrations of dissolved substances (Nat, K+, Ca?*,
Mg?*, SO;™, NO3) were determined by Capillary Electophoresis System (Quanta 4000,
Waters Co.), and HCO3 content was determined by tiltration method of 112504.

Jon concentrations were calculated as milliequivalents per unit volume of soil matrix
(X), expressed as meq/m>(soil), by using the following relationship [Ronen et al., 1996]

(but slightly modified):
Mgy + Myew /(1 + w)
"Ml — w/(L+ W)’

where x is the (measured) concentration in the sample water (meq/l), My, and M, are

(4.2)

the the weight of distilled water added to soil sample (100 g) and that of wet soil sample
(20g), respectively. It should be noted that the value X represents the total concentration

of a specific ion, found in both the solid and liquid phase of the soil.
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Chapter 5

General aspects of
micro-meteorological and soil

hydrological characteristics

In this chapter, general aspects of observed micrometeorological and soil hydrological
elements will be described as a basic information for analyses presented in later chapters.
Also, it would be important as examples of the chorographical descriptions for microme-
teorology and soil hydrology, even though the observation period in each site is very short

for complete description.

5.1 Fallow site

Observed results of micrometeorological elements are shown in Figure 13.  Figure 14
shows (a) the inter-diurnal variations in surface water content and the thickness of the
DSL, and (b) the diurnal variation patterns of those.

At the early stage of the observation period, soil moisture cqndition was relatively wet

due to antecedent rainfalls (see Figure 10b), and downward short-wave radiation (solar
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Figure 13-1 Observation results of micrometeorological elements for the fallow
site; (a) radiation balance components (R, the net radiation; Ry, the downward
short-wave radiation; R, upward short-wave radiation; R, downward long-wave
radiation; R, upward long-wave radiation), (b) soil temperature at different
depths, and (c) wind velocity at the height of 0.53 m.

63



Temperature (°C)

1.0 , —
S
P
S 08F
E L .
2 0.6F
-C .
g 0.4} 0.39m
:_cg I 0.135m
® 0.2} g
[an 0 b
0.0 - -
20.022 —
~—
o - C
= 0.020 F
*2, L
S B
g L
N O 016 - NN ;
O Py
5 0.014F
8 L
0.012 -
» 23

2‘4 25 26 27 28 29
July, 1996
Figure 13-2 Observation results of micrometeorological elements for the fallow

site; (a) temperature, (b) relative humidity, and (c) specific humidity, at two levels

(0.135 and 0.30 m) in the atmosphere. Soil surface temperature is added in the top
column of the figure.
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radiation) was considerably small because of the effect of cloud (Figure 13-1a). Upward
and downward long-wave radiations were almost the same. After June 25, downward short-
wave radiation remained quit;—) large owing to successive clear conditions of sky. Then
upward short-wave and long-wave radiation fluxes increased gradually. The increase of
short-wave radiation is due to an increase of surface albedo accompanying with soil drying
(see Figure 14), and the increase of long-wave radiation was caused by an increase of surface
temperature (see Figure 13-2a). On the other hand, downward long-wave radiation did not
show any obvious increase. The reason for this may be that the effect of the increase of
the atmospheric temperature was canceled by the effect of the decrease of cloud amount.
Inter-diurnal variation in net radiation was not as large as that in downward short-wave
radiation due to an increase in the upward radiation fluxes.

Figure 15 shows (a) the inter-diurnal evolution of the diurnal course of surface albedo
and (b) the relationship between surface albedo and volumetric water content of surface
soil of 1-cm or 5-cm thickness obtained at noon. Figure 15b indicates that the inter-diurnal
increase of surface albedo (Figure 15a) is related to the decrease of surface soil moisture.
The figure also indicates a step-like change in surface albedo. The value of surface albedo
is approximately 0.075 when 6,_; is larger than 9 % (or fy_5 > 14%), and is approximately
0.125 when 6p_; is smaller than 4 % (or 0p—s < 11%). On the other hand, Figure 15a
indicates that the surface albedo varies with time in a day. As pointed out by Nkedirim
[1972], Idso et al. [1975] and Nakagawa [1982], this variation is expected to be partly due
to the change in the solar zenith angle. However, an asymmetric diurnal variation pattern
was observed on July 24 and 25. This may be due to the effect of diurnal change in surface
moisture.

Figure 13-1b 1ndicates increases both in the daily average value and in the amplitude
of the diurnal fluctuation of soil temperature. The diurnal range of soil temperature at 1
cm depth reached to 30.2 °C. Nevertheless, soil temperature hardly varied diurnally and

inter-diurnally at the depth of 0.5 m. Temperature gradient increased during soil drying
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particularly at the shallower zone, and reached to 8°C/cm at its maximum.

In Figure 13-1c, diurnal variation in wind velocity can be recognized. The wind velocity
is large at daytime and small at nighttime.

Figure 13-2a indicates a variation in air temperature similar to that in soil temperature.
However, the diurnal range of air temperature is considerably smaller than that of soil
temperature, and is 12.6 °C at the maximum at 0.30 m height. A considerably large
difference was observed between air temperature at 0.135 m height and radiometically
determined surface temperature, while the temperature difference betweeh the height of
0.135 and 0.30 m was very slight.

Very clear diurnal variation in relative humidity can be seen in Figure 13-2b. The daytime
values of relative humidity showed a tendency to decrease inter-diurnally, while nighttime
values were almost unity and hardly varied.

Inter-diurnal variation in specific humidity generally showed a tendency to increase
slightly (Figure 13-2c). The reason for this tendency may be that the observation site
was surrounded by the land which can be more effective as vapor sources (e.g., cultivated
field, lake). On the other hand, the diurnal variation pattern of specific humidity appears
to change every day. The variation pattern on July 24 has a single maximum at around
noon while that on later days has two maxima in the forenoon and the late afternoon.
There are too few data to determine whether the variation pattern with two maxima was
caused by a lack of vapor supply from the soil surface in the mid-afternoon and the decay
of convective mixing in the late afternoon, or by advection from surrounding area and wind
direction change.

In Figure 14a, water contents both of 0-1 cm (6p—1) and 0-5 cm (fy—s) soil-layers decrease
gradually. The thickness of the DSL was almost zero during two days just after a rainfall;
then the thickness increased gradually and reached to approximately 2 cm on July 28 after
five days since the rainfall. The diurnal variation of water content could be seen in both

0y, and fy_5 (see Figure 14b), while the diurnal range was considerably larger in gy
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(5.05 %) than in fy_s (1.5-%). The phase of diurnal fluctuation of f5_s appears to lag
behind that of 89_;. The diurnal variation in the thickness of the DSL was similar to that
reported by Nomura and Inoue [1979] and Kobayashi et al. [1991a, b]. Diurnal range of
the thickness of the DSL was 1.17 cm.

Figure 16a shows the three-phase distribution of the soil. In the figure, the effect due to
tillage is appeared in the changes in volumetric solid content and slightly in water content
at around the depth of 20 cn. Except for this effect, soll water content gradually decreases
toward shallower depth, while there is an inflection of water content profile at around 2 cm
depth. Figure 16b shows the vertical profile of soil water content at shallower zone. The
figure indicates an agreement between the depth of the inflection point and the depth of
the bottom boundary of the DSL. Observation results similar to this have been obtained
by Nomura and Inoue [1979], Kobayashi et al. [1991a] and Yamanaka et al. [1996]. The
water content of the bottom boundary of the DSL was between 2 and 7 %. This fact and

Figure 15b suggest that the decrease in surface albedo occurs with the formation of the

DSL.

5.2 Sand dune site

Results of micrometeorological measurements are shown in Figure 17. Figure 18 shows
(a) the inter-diurnal variations in surface water content and the thickness of the DSL, and
(b) the diurnal variation patterns of those.

As seen from the rainfall records (Figure 11b), during the period before the rainfall
event on Aug. 14-15, soil moisture conditions was extremely dry. Downward short-wave
radiation was very large throughout the observation period except for Aug. 14 and 15
(Figure 17-1a). Upward short-wave and long-wave radiations abruptly decreased after the
rainfall, and then increased gradually. In contrast, downward long-wave radiation hardly

varied. Upward long-wave radiation was larger than downward long-wave radiation except
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for the period just after the rainfall.

Figure 19 shows (a) the inter-diurnal evolution of the diurnal course of surface albedo
and (b) the relationship between surface albedo and volumetric water content of surface soil
of 1-cm or 5-cm thickness both obtained at noon. Inter-diurnal increase in surface albedo
accompanied the decrease in surface water content (Figure 19b), in a similar way at the
fallow site. However, unlike the case of the fallow site the surface albedo abruptly changed
at very low water content (< 0.5 %) in relation between albedo and 6y_1, and gradually
changed in relation between albedo and 0y_5. Although the diurnal variation due to the
changes in solar zenith angle and in surface moisture can be seen in Figure 19a, the effect
of the zenith angle appears to be slightly larger than that for the fallow site.

The diurnal range of soil temperature at 1 cm depth reached to 32.4 °C (see Figure 17-
1b). In contrast, soil temperature at 0.5 m depth hardly varied diurnally and inter-diurnally
as was found in the fallow site. Temperature gradient at the shallower zone reached to 4.5
°C/cm at the maximum.

The diurnal variation in wind velocity, which is similar to that at the fallow site, can be
seen in Figure 17-1c, particularly on days after the rainfall .

The variations in air temperature, relative humidity, and specific humidity were similar
to those at the fallow site (see Figures 13-2 and 17-2). However, the nighttime values of
relative humidity on the days before the rainfall were considerably smaller than unity while
those at the fallowr site were almost unity throughout the observation period. This may
be due to the severe dry conditions of the soil at the sand dune site in the period or to
the smaller effect of advection from the surrounding area because of the large extent of the
sand dune. Diurnal range of air temperature at 0.27 m height was 8.3 °C at the maximum,
which is smaller than that at the fallow site.

While 0y_; gradually decreased after the rainfall on Aug. 14-15, 04—, rapidly decreased
to very low level (< 0.5 %) and then maintained almost constant value (Figure 18a). The

thickness of the DSL was quite large (approximately 8 cm) during three days before the
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rainfall. Then the DSL disappeared with the onset of the rainfall and gradually redeveloped
after the rainfall. The diurnal variation of water content could be seen in both fy_; and
o5 (Figure 18b). However the diurnal range was smaller in 6,_; (1.57 %) than in fy_s
(2.24 %), contrary to the case found at the fallow site. Diurnal range of the thickness of the
DSL was 1.27 cm (although it was not possible to determine the thickness in the nighttime
because of an unclear bottom boundary of the DSL).

Figure 20a shows the three-phase distribution of the soil. The figure indicates that the
volumetric solid content is almost constant throughout the whole soil layer from the soil
surface to the 50 cm depth. Soil water content was fairly small, and gradually decreases
toward shallower depth. Nevertheless an inflection of water content profile can be seen at
around 8 cm depth. Figure 20b indicates an agreement between the depth of the inflection
point and the depth of the bottom boundary of the DSL. The water content of the bottom

boundary of the DSL was between 1.0 and 1.8 %.

5.3 Playa site

Results of micrometeorological measurements at the playa site are shown in Figure 21.
Figure 22 shows (a) the inter-diurnal variations in surface water content and the thickness
of the DSL, and (b) the diurnal variation patterns of those.

Soil moisture conditions were also extremely dry in the observation period at the playa
site. As seen in the variation of downward short-wave radiation, it was cloudy day on Mar.
11 while it was almost fine on the previous two days (Figure 21-1a).

Figure 23 shows (a) the inter-diurnal evolution of the diurnal course of surface albedo
and (b) the relationship between surface albedo and volumetric water content of surface
soil of 1-cm or 5-cm thickness obtained at noon. While significant inter-diurnal variation
in surface albedo can not be seen since there were no change in soil moisture conditions,

diurnal variation in surface albedo due to change in solar zenith angle exists (Figure 23a).
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The value of surface albedo at noon was larger than that under dry soil condition at the
fallow site, and was almost equal to that at the sand dune site.

The diurnal range of soil temperature at 1 cm depth reached to 37.2 °C (see Figure
21-1b), which is larger than that at the other two sites. In contrast, soil temperature at
0.3 and 0.5 m depth hardly varied diurnally and inter-diurnally. Therefore, it can be said
that the dumping depth [Sellers, 1965, p. 136] for the playa site is smaller than that for
the fallow site and the sand dune site. Temperature gradient at the shallower zone reached
to 7.0 °C/cm at the maximum.

The diurnal variation in wind velocity can be seen on Mar. 9, while it is not clear on
next two days due to the effect of passing of cyclone low (Figure 21-1c¢).

Diurnal range of air temperature at the height of 1.76 m reached to 18.6 °C, which is
much larger than that for the other two sites. The nighttime values of relative humidity on
Mar. 9-10 were considerably smaller than unity as well as that found in the earlier period
at the sand dune site. An abrupt increase in relative humidity at the night on Mar. 10 is
probably due to the effect of cyclone low. Noticeable is that the values of specific humidity
is considerably smaller than those for the other two sites. (Note that the scale of vertical
axis of Figure 21-2¢ differs from that of Figures 13-2¢ and 17-2c.) The reason for this may
be that the playa site is located far from the ocean. Small values of Ry (Figure 21-1a)
relative to that at the other sites may be due to this low vapor content of the atmosphere.

In Figure 22a, significant inter-diurnal variations can not be seen in both y_5 and the
thickness of the DSL because of no antecedent rainfall. The thickness of the DSL was quite
large (approximately 8 cm). The diurnal variations were also not significant in both fy_s
and the thickness of the DSL on Mar. 9. At the playa site, irregular rather than regular
inter-diurnal and diurnal variations in water content are observed. The reason for this may
be high spatial variability of soil moisture (see Section 4.2.2).

Figure 24a shows the three-phase distribution of the soil. The figure indicates that the

solid volume is smaller in shallower zone than in deeper zone. Soil water content in deeper
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Figure 24 Soil hydrological characteristics for the playa site; (a) three phase
distribution of the soil, and (b) water content profile. Vertical bars indicate the
thickness of sampled soil cores. Dashed line in the bottom figure denotes the depth
of the bottom boundary of the DSL.



zone is close to the saturation value, and gradually decreases toward shallower depth.

Figure 24b shows the water content profile and the position of the bottom boundary of
the DSL. In the figure, there is no significant inflection in water content profile at around
the bottom boundary of the DSL, and water content within the DSL is not constant and
largely decreases toward the surface. The water content of the bottom boundary of the
DSL was approximately 13 %.

Figure 25 shows vertical profiles of (a) electric conductivity of sample waters which were
prepared by adding 100 g distilled water to 20 g moist sample soil, (b) cation and anion
concentrations per unit volume of soil. The figures clearly indicates a salt accumulation
at the shallow depth, and that the specie of the salt is mainly NaCl. As mentioned in
Section 4.2.5, concentrations in Figure 25 represent not the concentrations of ions in soil
water but the total concentrations in the solid and vapor phase within the soil. Based on
the solubility of NaCl, it would be reasonable to assume that the soil water is in saturation

conditions in the zone shallower than the depth of 5 cm.
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Chapter 6

Surface energy balance and the

restriction of evaporation

6.1 Determination of surface energy balance and sur-

face resistance

6.1.1 Energy balance components

Energy balance components were determined based on hourly averaged data. Net radi-
ation (R,) was directly determined by outputs from radiometer. Soil heat flux (G) was
determined by combination of heat flux plate measurement and calorimetry of soil between

the soil surface and the plate. Briefly, G was determined by the following equation:
G = Gplate + Ss—~p7 (61)

where (e 1s the outputs from heat flux plate (installed at the depth of 10 cm in the
present study), and S,_, the change rate of heat storage in soil layer between the soil
surface and the plate. The values of S;_, were determined on the basis of the temporal

change in soil temperatures measured at five depths (i.e., 0, 1, 3, 5, and 10 cm) and the
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heat capacity of the soil. In the procedure of calculating the soil heat capacity, variation
in soil water content was considered using measured water content of surface soil of 5-cm
thickness. This method allows the soil heat flux to be evaluated correctly when evaporation
takes place above the heat flux plate.

Sensible (H) and latent (LE) heat fluxes were determined by Bowen ratio /energy bal-

ance method, as follows:

Bo
= -G 2
H 1+B0(Rn @) (6 )
1
LE = 1=—==(Rn — 0) (6.3)
Bo= 2I2=T1) (6.4)
g2 — q1

where Bo is the Bowen ratio, ¢, the specific feat of the air, [ the latent heat for vaporization,
and subscripts 1 and 2 denote the two measurement heights of temperature (1') and specific
humidity (g).

In order to check the validity of flux determination, H and LE were also evaluated by the
profile method [e.g., Brutsaert, 1982, pp. 197-198]. Comparisons between fluxes evaluated
by the Bowen ratio /energy balance method and by the profile method showed sufficient
accuracy of the flux determination (Table 11).

For the playa site, since humidity measurements were not available in some cases due to
an accident of instruments, H was determined by profile method and LE was evaluated as

the residual of surface energy balance during that period.

6.1.2 Surface resistance

Surface resistance (r;) has been used as a parameter representing the effect of soil dry-
ing on the restriction of evaporation (see Section 2.3.1 (A3)). Although there is slight
inconsistency in its definition [van de Griend and Owe, 1994, Yamanaka et al., 1997], it

1s meaningful to investigate its behavior for evaluating the effect of soil drying on the
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Table 11 Statistics for the comparison between fluxes derived by the Bowen
ratio /energy balance method (F,) and those determined by the profile method (Fp).

Regression constants for  Correlation MAD RMSD
Fo=aF,+b coefficient ¢ ]Fp_pb Ly <(Fp_Fb)?>
a b ro (W/m?) (W/m?)
Fallow
H 0.815 17.880 0917 23.0 37.3
LE 1.072 21.922 0.859 4477 65.6
Sand dune
H 0.789 8.847 0.917 234 44 .3
LE 0.959 17.439 0.786 36.9 56.9
Playa
H 0.768 -2.010 0.962 18.4 30.1
LE 0.774 -5.415 0.837 12.0 20.7

MAD: mean absolute difference, RMSD: root mean square difference



restriction of evaporation.
Surface resistance is usually used in the form of Equation (2.12). Solving the equation

for r; gives the following equation:

/)(QSat(Ts) - }laQsat(Ta))
E

T =

+ Tay, (6.5)

where p is the density of the air, gs() the saturation specific humidity, 7% the surface
temperature, 7, the air temperature, h, the relative humidity of the air, and r,, is the
aerodynamic resistance to vapor transfer in the atmosphere. If one obtains measured
values of 1§, T,, hy, £ and 7,,, surface resistance can be evaluated by Equation (6.5).
According to Monin-Obukhov similarity theory [e.g., Brutsaert, 1982], the aerodynamic

resistance 4, in the atmospheric surface layer (ASL) is given as

1 z, — d
Toy = [In(= o

Ay ks 20w

) = ¥su(C)], (6.6)

in which the friction velocity u, is defined as

B ku
B ln(m) - \I}sm(C) .

20m

U

(6.7)

In the above, a, (= 1.0) is the ratio of the eddy diffusivity for water vapor to the eddy
viscosity under neutral conditions, & (= 0.4) the von Kdrmdn’s constant, z, the height of
the measurement of specific humidity and wind velocity in the ASL, and w is the wind
velocity at the height of z,. In addition, dy is the zero-plane displacement height (dy = 0,
for bare soil), zp, the water vapor roughness length, zp,, the momentum roughness length,
U, (¢) the stability correction function for water vapor transfer, and ¥, (¢) the stability
correction function for momentum trangfer. Although there are many stability correction
functions, the most common type [e.g., Brutsaert, 1982, pp. 68-71] is adopted in the present
study.

The roughness lengths for vapor and momentum transfer are usually determined based on

flow properties (e.g., friction velocity u. and kinematic viscosity v ) and surface properties
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(e.g. surface roughness length z; ). It is assumed that the parameters zg, and zp,, are
functions of the roughness Reynolds number zo:. ( = u.zg/v ) as follows [for zq, , Brutsaert,

1975; Brutsaert and Chan, 1978; for zq,,, Brutsaert, 1982; Hiyama et al., 1995]:
e for a rough regime (zo4 > 2)
200 = T.420 exp(——7.3kavzéfScl/2) (6.8)

and

Zom = 20 (69)
e for a smooth regime (zo, < 0.13)
Zoy = (30v/u,) exp(—13.6ka, Sc*?) (6.10)

and

2om = 0.135v/u, (6.11)

e for a transitional regime (0.13 < z5y < 2)

2oy = /BOZO'U,T + (1 - IBO)ZOU,S (612)
and

zom = 20(0.799 + 0.224A — 2.06 x 1072 A?

—4.90 x 1072A% +9.56 x 1072 A", (6.13)

where S¢ (= v/Dy,) is the Schmidt number (= 0.595 in the lower atmosphere), D,, the
molecular diffusivity of water vapor in the air, zg,, and zp, s are the values obtained by
Equations (6.8) and (6.10), respectively, By (= (u./100 —2)/18) is a weighting factor, and
A =lIn(z4).

Wind profiles under neutral atmospheric stability conditions (in the present study, |R;| <

0.05; R; is the Richardson number) allow to determine the values of zy,, and u,.. Values
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of zg were determined from these zy,, and u, values by an iteration procedure with above
equations (see Sugita et al. [1995] for detailed procedure) for each observation sites. Statis-
tics of zp evaluated at three sites is given in Table 12. In the present study, log-mean value
was adopted since the frequency distribution of zg was not normal distribution and median

of zo approximated to the log-mean value rather than arithmetic mean value.

6.2 Variations of surface energy balance during soil
drying

Temporal variations in energy balance components at the three observation sites are
shown in Figure 26. The figure for the fallow site clearly indicates inter-diurnal decrease in
LFE and increase in H during soil drying. The changes in these fluxes seem to accompany the
decrease in soil water content or development of the DSL (see Figure 14). Nevertheless, G
does not appear to be affected by soil drying. The inter-diurnal constancy of the amplitude
of G may be due to the cancellation of the effect of decrease in thermal inertia of soil on G
by the effect of increase in amplitude of soil surface temperature (see Section 2.2). Inter-
diurnal variations in LE and H as seen at the fallow site are also illustrated in the figure
for the sand dune site. Although similar variations are not clear at the playa site, the figure
for the playa site may illustrates a variation in later stage of soil drying.

Noticeable is that the figures indicate a change in the diurnal variation pattern of fluxes
as well as the inter-diurnal change in the peak value or the amplitude of those. As a typical
example, the diurnal variation patterns of surface energy balance at the fallow site under
wet and dry soil conditions are shown in Figure 27. The figure for the wet soil condition
indicates that both LF and H vary keeping pace with the variation in R,,. On the other
hand, for the dry condition the peak of LE shifts to earlier time and that of H moves to

later time nevertheless the peak of R, is positioned in the noon.



Table 12 Statistics of surface roughness length (z;) evaluated at three
observation sites.

Observation site Mean (S.D.) Median Log-Mean
Fallow 6.99x10°3 (4.40x103) 6.22x10-3 5.44x10-3
Sand dune 1.65%10° (1.75%x10-3) 1.15x10-4 1.18x104
Playa 1.51x10 (1.89x10-3) 9.59x103 9.75%10-
(Unit: m)
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Figure 26 Temporal variations of surface energy balance components (R,, the

net radiation; LE, the latent heat flux; H, the sensible heat flux; G, the soil heat
flux) for the three sites.

93



700 A A DA S AR A A B A
I wet soil condition
_ B00F yury 24 1996 .

- dry soil condition
600 July 27, 1996
[QV

r
T—

w b
o O
o O

.....

N
o
O

......

..........
..........

Energy flux (W/

o

.......................

_1OOL444144L1444ILLLLLLLLL..

4 8 12 16 20 24
Time (LST)

Figure 27 An example of the diumnal variation patterns of energy balance
components under wet and dry soil conditions (fallow site).

04



In order to examine more quantitatively the pattern shift of diurnal variations in LFE
and H, Bowen ratios in the forenoon and in the afternoon will be compared. Figure 28
shows the inter-diurnal variations in the forenoon-averaged Bowen ratio (Bof,..) and the
afternoon-averaged Bowen ratio (Bogseer) for the three observation sites. For convenience’
sake, Bos,. was evaluated based on the data from 7 to 12 LST and Bo, e, was evaluated
based on the data from 12 to 17 LST in the present analysis. The figure indicates a
tendency of increase in both Bog,re and Bo, s, during soil drying although there are some
fluctuations probably due to the variation of atmospheric conditions. The increase in Bojoy.
1s, however, not as large as that in Bo,fs,. This indicates that the effect of soil drying on
surface energy partitioning is smaller in the forenoon than in the afternoon.

Figure 29 shows the relationship between Bog s, and Bog,,. for the three observation
sites. The figure indicates an almost linear relationship for each site, and that the ratio
Bogsfier/Bogfore is the largest at the sand dune site and is the smallest at the playa site.
Thus, it can be said that the pattern shift of diurnal variations in LFE and H depends on
the soil type, although there may be some effects of atmospheric conditions on the pattern

shift.

6.3 Diurnal variation of surface resistance

Many studies concerning surface energy balance at vegetation covers have reported that
the soil drying can not affect the diurnal variation in energy partitioning of available energy
into latent and sensible heat fluxes, while it can affect the inter-diurnal variation in those
fluxes [Shuttleworth et al, 1989; Gurney and Hsu, 1990; Sugita and Brutsaert, 1991; Nichols
and Cuenca, 1993; Hiyama et al, 1995; Brutsaert and Chen, 1996]. However, the temporal
variation of surface energy balance at bare soil surfaces, which was mentioned in previous
section, suggests that the soil drying can affect the energy partitioning not only in inter-

diurnal time scale but also in diurnal scale.
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Figure 30 shows an example of temporal variatibns in actual and potential rates of
evaporation. In the figure, an important point is that the difference between actual and
potential rates of evaporation became remarkable from July 25. This means that the
restriction of evaporation starts with the formation of the DSL (see Figure 14). Another
important point in Figure 30 is that the actual rate of evaporation in the early forenoon is
equal to the potential rate through the observation period. This suggests that there is no
restriction of evaporation in the early forenoon even though the soil drying progresses.

Figure 31 shows diurnal variations in surface resistance for the three observation sites.
The figure indicates that surface resistance is considerably small and its diurnal variation
is not remarkable when the DSL disappears (July 23 for the fallow site, Aug. 15 for the
sand dune site). Also, the figure clearly indicates that the values of surface resistance in
the afternoon increase as the soil dries. Nevertheless, the values in the early morning are
very small and less variable throughout the observation period at each site. At the playa
site, the values of surface resistance in the early forenoon are relatively large and diurnal
variation in surface resistance is smaller than that for the other sites. Variations in Bowen
ratio and its dependency upon soil types mentioned in previous section could be introduced
by these characteristics in diurnal behavior of surface resistance.

The diurnal variations of surface resistance were supposedly caused by the diurnal fluc-
tuations of soil moisture conditions (i.e., drying during the daytime due to evaporation
and succeeding rewetting during the nighttime due to water supply from deeper layers).
Figures 14b and 18b indicate a high variability of surface soil moisture for the fallow and
the sand dune sites, respectively, and Figure 22b indicates a low variability for the playa
site.

Figure 32 indicates a complication in the relationship between surface resistance (r,)
and average water content of surface soil layer (8). In the figure, two types of data are
shown. The Noon data were collected at noon (LST) everyday through the observation

period, and the 10D data were collected every 4 hours on an intensive observation day.
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For the noon data, the figure suggests that the surface resistance can be represented as
a function of surface water content alone. However, it indicates clearly a hysteresis loop
in the r,-0 relationship for the 10D data. In other words, the relationship can change
in the course of a day. While it should be noted that the accuracy of surface resistance
determination during the nighttime is relatively low due to small magnitude of latent heat
flux, the surface resistance at 08 LST of the IOD data when the accuracy problem is not
an issue is significantly smaller than that expected from the noon data.

Similar hysteresis in the r,-f relationship was also found in the data of Camillo and
Gurney [1986] and Daamen and Simmonds [1996]. Nevertheless, the surface resistance has
been parameterized based on surface water content alone in many studies (see Table 2). For
simulating diurnal variations in evaporation or surface energy balance accurately, diurnal
behavior of surface resistance and its relation to water content should be investigated

further.

6.4 Summary

Analyses of surface energy balance and surface resistance were carried out based on the
micrometeorological field measurements. Results of the analyses are as follows:

(1) Soil drying affected surface energy balance, particularly in energy partitioning of
available energy into latent heat and sensible heat fluxes, both in inter-diurnal and diurnal
time scale. Soil drying induced a decrease in latent heat flux and an increase in sensible heat
flux inter-diurnally, and also introduced a change in diurnal variation variation patterns of
the fluxes.

(2) Surface resistance increased with the decrease in water content of surface soil layer.
However, the relation of surface resistance to the surface water content differed between in
inter-diurnal and diurnal time scales.

(3) The restriction of evaporation drying soil during began with the formation of the
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DSL, and was enhanced with the DSL development.
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Chapter 7

Transport and phase transition of

surface soil moisture

7.1 Vertical profile of stable isotopic composition of
soil water

Many works on the stable isotopic composition of water in the unsaturated zone have
reported that the vertical profile of isotopic ratio has its peak at a short distance below the
soil surface, and that the isotopic ratio decreases rapidly towards the surface in the zone
above the peak point of the profile. Barnes and Allison [1983] presented an explanation
that water moves upward by liquid phase in the zone below the peak point of the isotopic
ratio profile and water is transported by vapor diffusion in the zone above the peak. If this
is the case, vertical profile of isotopic compositions of soil water should allow classification
of a soil profile into the liquid water transport region and the vapor transport region. This
explanation was verified later by theoretical and semi-theoretical works (see Section 2.4.2).
In addition, Shurbaji and Phillips [1995] indicated that the gradual change of upward water

flux from liquid phase to vapor phase made the peak shape of isotope profiles gentle.
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Figure 33 shows the vertical profiles of isotopic ratio and water content for the three
observation sites. In the figure, position of the bottom boundary of the DSL, which was
visually observed, is included as dashed lines. For the fallow and the sand dune sites,
a sharp peak can be found at around the bottom boundary of the DSL in both 6D and
§'80 profiles. This suggests that the form of the upward water flux abruptly changes
from liquid phase to vapor phase at the bottom boundary of the DSL. In other words, the
evaporation of soil water takes place at the bottom boundary of the DSL. The clear change
in the vertical gradient of water content formed at the bottom boundary of the DSL also
supports this idea.

On the other hand, the figure for the playa site indicates that the profiles of D and 680
have a gentler peak, and that the region which has high é-value tends to extend upward
from the bottom boundary of the DSL. In addition, clear change in water content gradient
at the bottom boundary of the DSL can not be seen in the profile. This suggests that
the phase of water flux changes gradually, and that the liquid- and vapor-water transports
coexist in the lower part of the DSL in the case of the playa site.

Figure 34 shows the §-diagram presentations of the data shown in Figure 33. The figure
indicates that the data points are almost plotted around two lines (except some data of
deeper depths) for each observation site. One line is fitted to the data above the peak of
the profile (i.e., in the vapor transport region; Line 1), and the other is to the data below
the peak (i.e., in the liquid water transport region; Line 2). Such features also predicted by
the theory of Barnes and Allison [1983] (see Appendix A). According to their theory, the
difference in the slopes between the two lines reflects the difference in formation mechanisms
of isotopic compositions of soil water, and a degree of the difference in the slopes depends on
the isotopic compositions both of originated soil water (i.e., antecedent precipitation) and
of atmospheric water vapor. The smaller § values for the data in the vapor water transport
region and the gentle slope of the Line 1 are not introduced by mixing of atmospheric water

vapor into the DSL, but introduced by preferential isotopic exchange between liquid and
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vapor phase of soil water in the vapor transport region.

On the other hand, isotopic compositions of surface soil water indicated a small diurnal
variation that § values decreased in the daytime and increased in the nighttime (Figure 35).
The diurnal variation of é§ values of surface soil water suggests that some isotopic exchange
between the liquid and vapor phases of water occur in the vapor transport region with
diurnal cycle. Therefore, it can be thought that there are phase transitions of water in the
vapor transport region, while whether the phase transition is evaporation or condensation
can not be specified.

Figure 36 indicates that the data shown in Figure 35 distribute around Line 1 which
appears in Figure 34. Thus, it would be reasonable to assume that the diurnal variation
of ¢ values of surface soil water is caused by a variation in the depth of the peak point
of the profile, that is, the boundary between the liquid water transport region and vapor
transport region (which corresponds to the bottom boundary of the DSL except for the

playa site).

7.2 Water balance of the surface soil layer
Water balance of the surface soil layer is expressed as
W=J~E (7.1)

where W is the change rate of water storage in the surface soil layer, J, the water flux
across the bottom boundary of the layer, and F is the water flux across the soil surface
(i.e. evaporation rate). Given the measured values of W and E, the value of J, can be
evaluated.

Figure 37 shows the diurnal variations in water fluxes evaluated by means of the above
procedures for the data obtained on the intensive observation day. The values of W was

determined by water content measurements with 4-hour intervals, and evaporation rate
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obtained from the energy balance was also averaged over 4 hours to produce £ for the
same time period. The values of J; and Js were evaluated by taking the surface soil layers
of 1-cm and 5-cm thickness, respectively. Error bars in the figure represent an evaluation
error of water flux introduced by uncertainties in water content measurements.

In the figures both for the fallow site and the sand dune site, Jy is smaller than £ in
the forenoon, and is larger than E in the late afternoon and the nighttime. Based on the
interpretation on the isotopic investigation mentioned in the previous section and the fact
that the observed thickness of the DSL on the corresponding days (July 27 for the fallow
site and Aug. 17 for the sand dune site) was larger than 1 cm, J; can be assumed in vapor
phase. Thus, the figures suggest that (net) evaporation takes place not only at the bottom
boundary of the DSL but also within the DSL in the forenoon, and that condensation of
vapor traveling up from the bottom boundary of the DSL takes place within the DSL in
the late afternoon and the ni'ghttime.

Table 13 summarizes the ratio J;/E at each time period. The ratio has values of ap-
proximately 0.37 in the early morning, and ranges from 1.1 to 3.6 in the late afternoon and
the nighttime for both the fallow site and sand dune site. This means that the amount of
evaporation occurring within the surface soil layer of 1-cm thickness occupies more than
60 % of total evaporation in the early morning, and that about 50 % of vapor traveling up
from the bottom boundary of the DSL condenses within the DSL in the late afternoon and
the nighttime.

On the other hand, diurnal variations in Js are different between for the fallow site and
for the sand dune site (Figure 37). For the fallow site, J; tends to be almost constant
throughout the day. In contrast, Js for the sand dune site diurnally varies and is consid-
erably small during the nighttime. Although the soil dryness slightly differs between the
fallow site and the sand dune site, the difference in the Js variations may reflects that the
ability of supplying water from deeper soil layers to the soil surface for fine-textured soil is

larger than that for coarse-textured soil.



Table 13 Ratio of water flux at the depth of 1 cm (J}) to the evaporation flux
at the surface (£) for each time period.

S Time period (LST)
e

0-4 4-8 8-12 12-16 16-20 20-24
Fallow 3.60 0.35 0.83 1.01 1.40 2.43

Sand dune 1.08 0.38 0.90 1.02 1.10 1.40
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Figure 38 shows the variation in water storage changes of the layers of 0-1 cm and of 0-5
cm depth. The figure indicates that the amplitude of Wy_; is considerably larger than that
of Wy_s. This may be related the lack of liquid water transport from deeper soil layers into
the DSL. On the other hand, the figure indicates that the amplitude of Wy_; 1s larger for
the fallow site than that for the sand dune site. In other words, the amount of evaporation
or condensation within the DSL is larger for the fallow site, although the J,/F hardly
differed between the two sites. The relationship between the storage capacity of water in

the DSL and soil properties will be discussed later.

7.3 Behavior of water vapor within the soil

Figure 39 shows the temporal variations of pore-air humidity within the soil. In general,
pore-air humidity within the wet soil is always close to unity [Campbell, 1985]. Results of
numerical experiment presented in Chapter 3 indicated that relative humidity in the soil
was almost unity until a lack of liquid water supply from deeper layers took place. The
figure for the sand dune site indicates that the relative humidity in the DSL decreases at
the daytime, and that the humidity in the zone below the DSL is almost unity and does
not vary. This suggests that the liquid water transport from deeper soil layers ceased at
the bottom boundary of the DSL.

The figure for the playa site also indicates the low values of relative humidity in the
DSL just like the case for the sand dune site. The diurnal variation of humidity, however,
differs from that for the sand dune site, and humidity increases at the daytime. The low
values of humidity in the DSL may be due to the lack of or insufficient liquid water supply
into the DSL, and the daytime increase of humidity may be introduced by the evaporation
due to non-negligible liquid water supply from deeper layers. In other words, liquid water
transport in the DSL is not enough but non-negligible at the playa site.

It should be noted that the reduction of soil air humidity may be partly due to the
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decrease in osmotic potential accompanying with the salt accumulation for the playa site.
As mentioned in Section 5.3, soil water in the zone shallower than the depth of 5 cm
is estimated to be saturated with NaCl. An equilibrium relative humidity of saturated
aqueous solution for NaCl, however, is no less than 74 % [Greenspan, 1977]. Therefore
the low humidity at the depth of 3 cm and 5 cm can not be explained by the decrease in
osmotic potential only. Thus, there is a huge decrease in matric potential within the DSL
for the playa site in spite of presence of liquid water supply into the DSL.

Figure 40 shows the time-space distribution of specific humidity within the soil for the
sand dune and the playa sites. For the sand dune site, it can be seen that the peak of
specific humidity profile in the daytime is positioned at around the bottom boundary of
the DSL. In addition, in the forenoon, a change of humidity gradient can be seen within the
DSL. These characteristics suggest that the main source of vapor in the daytime is located
at the bottom boundary of the DSL, and that the evaporation of water can take place also
within the DSL in the forenoon (not only at its bottom boundary). On the other hand,
the figure for the playa site indicates the daytime peak of specific humidity positioned at a
depth shallower than that of the bottom boundary of the DSL. Therefore, the evaporation
of water mainly takes place not at the bottom boundary of the DSL but at a shallower
zone for the playa site.

Although Figure 40 indicates large downward-gradients of specific humidity below the
peak both for the sand dune site and the playa site, it should be noted that the magnitudes
of downward vapor fluxes become considerably small relative to the upward vapor fluxes
because of the small values of effective vapor diffusivity (in other words, less air-filled
porosity) in the zone below the peak.

Figure 41 shows the relationship between the energy-balance based latent heat flux (LE)

and the humidity-gradient based flux (LE}) for the sand dune site. LE)} can be calculated
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with the following equation:

LE}L = ——lpDve? (72)

where [ is the latent heat for vaporization, p the density of the air, D, the effective vapor
diffusivity in the soil (given by Equation (3.11)), ¢ the specific humidity of the pore-air,
and z is the depth.

In Figure 41, the data points in the afternoon distribute around a straight line (LE, =
0.32LF). In contrast, LFEj is smaller than LF in the forenoon, and is larger than LE
in the nighttime. These can be explained by hypothesis that there was condensation of
vapor traveling up from the deeper layers during the nighttime and was subsequent re-
evaporation of water within the DSL in the forenoon. In this hypothesis, however, there
is a problem that the slope of the regression line for the afternoon data is not unity but
1s approximately one thirds. Thus, the actual rate of evaporation is three times as large
as expected rate from the specific humidity gradient. A cause of this difference may be
in the evaluation of effective vapor diffusivity. Although in the present analysis molecular
diffusion was considered as an only mechanism of vapor transfer in the soil, there are several
mechanisms suggested previously other than molecular diffusion. These include turbulent
diffusion [Fukuda, 1955; Farrell et al., 1966; Scotter and Raats, 1969; Ishihara et al., 1992],
advective transfer [Kazanskiy and Zolotokrylin, 1994], and thermal diffusion [Kobayashi,
1993]. Kobayashi [1993] confirmed that the thermal diffusion mechanism can be ignored in
the DSL. However, influences of the former two mechanisms in common soil materials have
not been clearly understood yet. Figure 41 may suggest that any other mechanism of vapor
transport makes the effective vapor diffusivity three times larger than that by molecular

diffusion only, although there is no definite information to specify the mechanism.



7.4 Summary

In this chapter, processes of water transport in the liquid and vapor phases within the
soil and phase change of soil water were assessed by three independent means, i.e., stable
isotopic analysis, water balance, and analysis of direct humidity measurements in the soil.
Results are follows:

(1) Stable isotopic analysis of soil water showed that the liquid water transport region
and vapor transport region could be distinguished clearly each other, particularly in coarse- |
textured soils. The boundary between the two regions almost corresponded to the bottom
boundary of the DSL. At the same time, it was also shown for a fine-textured soil that the
change of water fluxes of liquid phase to those of vapor phase occurred gradually and that
there was non-negligible liquid water transport into the DSL.

(2) Analysis of water balance of surface soil layer indicated that the evaporation within
the DSL was not negligible in the forenoon and also that a condensation occurred within the
DSL in the late afternoon and the nighttime. Amounts of the evaporation and condensation
within the DSL depended on soil types.

(3) Direct measurements of soil air humidity confirmed the presence of vapor transport
in the DSL, and indicated the effect of the evaporation and condensation within the DSL
on the humidity profile. In addition, it was suggested the presence of additional vapor

transfer mechanisms other than the molecular diffusion.



Chapter 8

Variation of the effective

evaporation zone

In the previous chapter, it wés indicated that evaporation can actually take place below
the soil surface. In the present chapter, variation of the location of the evaporation zone
and its relation to the DSL will be investigated by applying a lumped parameter model,
which assumes that evaporation occurs only at an extremely thin zone within the soil layer.

Here the zone will be expressed as effective evaporation zone.

8.1 Model development and application

8.1.1 Formulation

By assuming no evaporation at the soil surface, energy budget at the surface can be
expressed as



where R, is the net radiation, H the sensible heat flux, and Gy the conductive heat flux

into the soil. Energy budget equation at the effective evaporation zone can be given as

Gy = LE + Gy, (

.03
QW)
~—

where GGy 1s the conductive heat flux from the layer between the soil surface and the effective
evaporation zone (referred to as Layer 1) to the effective evaporation zone, LE the latent
heat flux, and G the conductive heat flux from the effective evaporation zone to the lower

layer (referred to as Layer 2). The heat fluxes Go and G are related as follows:
Gg — Gl + 51, (83)

where S7 is the change rate of heat storage in the Layer 1. It should be noted that the soil
heat flux G (in Equation (2.4)) corresponds to the sum of S; and (5.
Latent heat flux from the effective evaporation zone to the atmosphere through the soil

surface can be expressed as [Yamanaka et al., 1997]

15 = Psat(Te) = hagour(To))

Tay + Tsv

) (8.4)

where [ is the latent heat for vaporization, p the density of the air, ¢,,; the saturation specific
humidity as a function of temperature, T, the temperature at the effective evaporation zone,
and h, and T, are the relative humidity and the temperature of the air at a certain level
in the ASL, respectively. The resistance to the vapor transfer in the atmosphere (r,,) can

be given by Equation (6.6), and the resistance in the soil (rs,) can be given as
Tsy = Ze[ Due fe, (85)

where z, is the depth (not thickness) of the effective evaporation zone, D,. the effective
vapor diffusivity in the soil (given as Equation (3.11)), and f, the enhancement factor for
additional vapor diffusion process in the soil (see Section 7.3. This scheme (i.e. Equations
(8.4) and (8.5)) assumes that the degree of the restriction of evaporation due to soil drying

is determined by the depth of the effective evaporation zone.
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The heat flux G; can be approximately given as

Ts_ e
G] = /\1 T y (86)

A
~e

where A; is the thermal conductivity of the soil in the Layer 1, and T is the soil surface
temperature.
Sy and (73 can be given as first order approximation (see Appendix B for their derivation),

as follows:

Chz, . OT o7, ) -
5= 22 L | xp(mnaf ) D con( e dy) — (T, — T sin(—z/d)]} (87)
A 1 07, :
Gy = f{exp(~ze/d1)[;~a~t— cos(—z./dy) — (Ts — T3) sin(—z./dy)] + Te — T2},  (8.8)
2

where C} is the volumetric heat capacity of the soil in the Layer 1, AT} the change of surface

temperature at a time interval At, d; (= (-(25’;\5)1/2) the dumping depth for the Layer 1, w
(= 27/24/60/60) the angular frequency of the diurnal temperature wave, A, the thermal
conductivity of the soil in the Layer 2, d, the damping depth for the Layer 2, and T is the

deep soil temperature in the Layer 2.

8.1.2 Solution and parameters

Equations (8.1) and (8.2) were solved simultaneously for z. and 7, using Newton-Raphson
method, when measured values of T, T,, hy,u, R,, and H were given. Details of its proce-
dure are given below.

Equations (8.1) and (8.2) can be rewritten as

fl(x,y):Rn“H—Gl(x’y)—"Sl(x?y) (89>

fa(w,y) = Gy = LE(z,y) — Ga(2,y), (8.10)

where © = z.,y = T,. Here, it is assumed that



where suffixes ¢ and 7 + 1 mean ¢-th and (2 + 1)-th approximate values, respectively. Then

parameters hy and h, are obtained by the following equation:

lx 1\,
| g | @) (8.13)

hy f2($1y)

where the matrix C is often called Jacobian, and is expressed as follows:

ah(zy) 8fi(zy)

c=| 7 %y (8.14)
dfa(zyy) Bfa(zyy).
dzr dy

The next approximate values of @ and y are obtained by Equations (8.11) and (8.12),
respectively, and then Equation (8.13) is recalculated. This iteration procedure is continued
until absolute values of both %, and h, are become smaller than 1 x 1073,

During the course of the procedure, an iterative calculation was carried out because the
atmospheric stability correction function in Equation (6.7) and roughness parameters in
Equations (6.7) through (6.13) are implicit form. Then LE was estimated by Equation
(8.4) using the obtained values of z, and T, and G was also estimated as the sum of the
calculation results of Equations (8.7) and (8.8). Flowchart of these calculation procedures
1s shown in Figure 42.

Values of the soil parameters used in the calculation were determined by Equations (3.9)
and (3.10) based on the results of soil analysis. The values are summarized in Table 14.
For the aerodynamical properties of the soil surface, the values summarized in Table 12
were used. The enhancement factor for additional vapor diffusion process in the soil (f,)
was assumed to be 3.0 by considering the results of humidity measurements within the soil
(see Section 7.3). The value of T, was given by 24-hour moving average of temperature

measured at the depth of 30 cm.
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Table 14 Representative values of water content (6), thermal conductivity
(A), and volumetric heat capacity (C) in the Layers 1 and 2.

. ) ) p) C A C,
Site 1 2 1 1 2
(m3/m3) (m3/m3) (W/mK) MI/m3K)  (W/mK) (MJ/m3K)
_ Fallow 0.02 0.125 0.2 1.1 0.75 1.6
Sanddune  0.005 0.03 0.3 1.1 0.5 1.2
Playa 0.05 0.25 0.2 1.0 0.8 1.9
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8.2 Validity of the flux estimation

Figures 43 through 45 show the comparisons of temporal variation in latent heat flux
and soil heat flux between observation and model estimation for the three sites. From the
figures, it can be seen that the estimated results simulate quite well diurnal and interdiurnal
variations in both latent heat flux and soil heat flux at all sites.

Statistics of comparison between observed and estimated fluxes are summarized in Table
15. The table indicates very good agreements between observed and estimated fluxes, and
also that the degree of agreement hardly depend on the observation sites. This suggests
the validity of the model used and its wide applicability independent of soil type, climate,
and other conditions. Also, this suggests that the degree of the restriction of evaporation

can be controlled by the depth of the effective evaporation zone.

8.3 Relationship between the effective evaporation

zone and the DSL

Figure 46 shows temporal variations in the estimated depth of the effective evaporation
zone (z.) and the thickness of the DSL (6psz) at the three observatiqn sites, and diurnal
variations of those on an intensive observation day at each site is shown in Figure 47. In
the figures, only the data in the period from 07 LST to 17 LST are presented because of
large uncertainty in z. estimation when low value of (R, — H) or downward latent heat
flux (i.e. dew formation) was appeared.

Figure 46 indicates that interdiurnal evolution of z, corresponds well to that of the
thickness of the DSL for the fallow site and sand dune site, while the value of z. at noon
is somewhat smaller than the thickness of the DSL. From Figure 47, it can be seen for the
fallow and sand dune sites that the value of z, in the early morning is clearly smaller than

the thickness of the DSL, then gradually increases and reaches to the same magnitude of
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Figure 43 Comparison of the temporal variations of latent heat flux and soil
heat flux between field observation and model estimation for the fallow site.
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Figure 44 Comparison of the temporal variations of latent heat flux and soil
heat flux between field observation and model estimation for the sand dune site.
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Table 15 Statistics for comparisons of fluxes between model estimation (F,,)
and field observation (F,).

Regression constants for Correlation MAD RMSD
Fo=aF,+b coefficient ¢ | F_-Fy | > /7 (F_ - F)%
a b r (W/m?) (W/m?)
Fallow
LE 0.962 5.643 0.967 14.0 19.5
G 0.957 -2.127 0.920 14.0 19.5
Sand dune
LE 1.067 5.862 0.952 16.6 23.5
G 0.858 -7.841 0.950 16.6 23.5
Plava
LE 1.043 9.577 0.938 14.0 21.7
G 0.961 -9.493 0.972 14.0 21.7

MAD: mean absolute difference, RMSD: root mean square difference



estimated depth of the effective evaporation zone for the three sites.
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the thickness of the DSL in the afternoon. This suggests that the evaporation of soil water
occurs within t‘he DSL (particularly near the soil surface) in the forenoon, and that the
evaporation at the bottom boundary of the DSL dominates in the afternoon.

On the other hand, only for the playa site, it is clear that the value of z. is smaller than the
thickness of the DSL and that the increase in 2z, during the daytime occurs more gradually
than that for the other sites. Although the z, value may be somewhat underestimated
because the effect of cracks on vapor transport was not taken into account, z. would not
reach to 8 cm since the depth of the cracks was no more than 2 cm. This suggests that at
the playa site the evaporation takes place not at the bottom boundary of the DSL but at
the upper part of the DSL throughout the daytime. A cause of this may be partly a large
volume of water stored in the DSL and partly a non-negligible liquid water transport in

the DSL (see Section 7.1).

8.4 Summary

A lumped parameter model for energy balance was applied to the data obtained by field
observations. The following results were obtained:

(1) Latent heat and soil heat fluxes estimated by the model agreed very well with those
observed. This suggests that the degree of the restriction of evaporation during soil drying
was controlled by the depth of the effective evaporation zone.

(2) The effective evaporation zone was located within the DSL in the forenoon, and was
at the bottom boundary of the DSL. For a fine-textured soil, however, it remains at the

shallower part of the DSL throughout the daytime.
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Chapter 9

Discussion

9.1 Process of evaporation with dual sources

Analysis of surface energy balance has indicated that evaporation from soils comes to be
restricted with the development of the DSL, but that the degree of its restriction is smaller
in the forenoon than in the afternoon (Sections 6.2 and 6.3). Vertical profiles of isotopic
composition of soil water (Section 7.1) and humidity measurements in the soil (Section
7.3) suggested that below the DSL water is transported upward mainly in the liquid phase,
and that the vapor transport dominates in the DSL. Therefore, it was expected that the
evaporation takes place mainly at the bottom boundary of the DSL throughout the day.
On the other hand, water budget of the surface soil (Section 7.2) and an application of
energy balance model to observation data (Section 8.3) suggested that evaporation also
takes place within the DSL in the forenoon, and that the condensation occurs there in
the late afternoon and in the nighttime. Such a process was also found in a theoretical
investigation (Section 3.4). Although there are some differences among soils, the facts
mentioned above suggest that the evaporation from a dry bare soil has dual sources as
llustrated in Figure 48.

Assumption of the process of evaporation with dual sources may be able to explain the
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cause of the difference in the ry - 0 relationship between diurnal and inter-diurnal time
scales, or of the hysteresis in the relationship (Section 6.3). It has been demonstrated that
the evaporation at the bottom boundary of the DSL is closely related with the movement of
an inflection of the water content profile (Type-A in Figure 49), and that the evaporation
within the DSL is related with the water content variation above the inflection (Type-B in
Figure 49). In fact, the variations of water content profile as illustrated in Figure 49 were
observed in detail by Nomura and Inoue [1977]. What is remarkable is that the Type-A
variation of water content profile is significant for both diurnal and inter-diurnal variations
in r; while the Type-B variation is significant only for the diurnal variation in r,. Therefore,
1t can be said that the r; - 8 relationship for the noon data reflects the effect of Type-A
variation of water content on r;, and the relationship for the IOD data contains the effects
of both Type-A variation and Type-B variation.

However, to accept the process of evaporation with dual sources, the following two ques-
tions should be examined: one is why the dominant phase of water flux is changed from
liquid phase to vapor phase at the bottom boundary of the DSL, and the other is why evap-
oration can occur within the DSL in spite of the lack of the liquid water supply from deeper
soil layers. These questions would be directly related to the mechanisms of evaporation

from each source.

9.1.1 Mechanism of evaporation at the bottom boundary of the

DSL

Figure 50 shows the relationships between the matric head and conductivities for the
three soils used in the model calculation in Chapter 3. In the figure, the hydraulic conduc-
tivity is reduced with the decrease of matric head while the vapor conductivity maintains a
constant level in a wide range of matric head. (Note the vapor conductivity could slightly

vary with temperature variation.) As a result, the magnitude of the hydraulic conductivity
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Figure 49 Schematic illustration of the variation of the water content profile
due to evaporation.
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becomes smaller than that of vapor conductivity at a certain value of the matric head dur-
ing soil drying. This value of matric head for each soil approximately agreed to that at the
depth of the inflection (i.e., the bottom boundary of the DSL) in simulated water content
profile. These features suggest that the water transport in vapor phase is more efficient
than that in liquid phase within the DSL. Phenomenologically, it can be explained that
the upward liquid water transport from deeper soil layers ceases at the bottom boundary
of the DSL, and that resulting steep gradient of matric head enhances not the liquid water
transport but the vapor water transport.

Figure 50 also indicates a difference among soils. The slope of hydraulic conductivity
against matric head is gentler for fine-textured soil than for coarse-textured soil. Therefore,
1t is expected that for fine-textured soil the phase of water flux is more gently changed from
liquid to vapor than for coarse-textured soil. In fact, this expectation was supported from
model calculations (Section 3.3) and also from field measurements of isotopic compositions
of soil water (Section 7.1).

Thus, it can be concluded that the change of the phase of water flux at the bottom
boundary of the DSL is caused by the change in efficiency of water transport in liquid and
vapor phase, and that the change of the phase of water flux takes place gradually at a
wider region of the soil profile at around the bottom boundary of the DSL for fine-textured
soil because of its gentler slope of hydraulic conductivity against matric head. The slope
of hydraulic conductivity is closely relating with the value of specific water capacity [e.g.,

van Genuchten, 1980].

9.1.2 Mechanism of evaporation within the DSL

In general, the liquid and vapor phases of water within the soil pore are in thermodynamic
equilibrium conditions, as expressed by Equation (2.9). From the equation, it is expected

that the decrease of relative humidity, which is caused by a rise in soil temperature or by
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an outflow of water vapor from a system introduces the decrease of matric head through
an evaporation of liquid water. If there is sufficient liquid water supply to a system, no
decrease in matric head makes liquid water freely evaporate, and relative humidity of pore
alr would be maintained at almost unity. However, in the case of no liquid water supply,
it would be expected that evaporation transiently occurs until matric head is adjusted to
equilibrium with pore air humidity and then evaporation ceases. On the contrary, the
increase of relative humidity due to a decrease in soil temperature or an inflow of water
vapor into a system could introduce a transient condensation of vapor, even though the
relative humidity is considerably smaller than unity. (Note that the saturation vapor
pressure or specific humidity is defined for free water surfaces.) It is worthwhile examining
more quantitatively whether the evaporation within the DSL actually takes place by the
mechanisms presented above.
By applying the chain rule to the following equation as a rewritten form of Equation
(2.9):
¢:%?baW%dﬂL (9.1)

the change rate of volumetric water content within the DSL can be expressed as,

D gt T T T O0ulT) R
ot = VNG (D)0t TG0t (D) 0t g dd

where df/dy is often called the specific water capacity. In this equation, order of the

(9.2)

first term of the right hand side is negligibly small relative to that of the other terms
for common situations. Although the second term of the right hand side is not always
negligible, it is expected to be smaller than the third term at the upper region of the DSL
and is eliminated in the present analysis. Finally Equation (9.2) can be rewritten by finite

difference approximation as follows:

d0 RT
4 94.ui(T)
Figure 51 shows the relationship between Af and Ag.:(T') evaluated based on the data

Af = Agsat(T). (9.3)

of 4-hour interval on the IOD at each observation site. Average values from 0 to 1 em depth
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were used for the fallow site and the sand dune site, and 0 to 5 cm depth for the playa site.
The figure indicates a good negative correlation between the changes of water content and
of soil temperature. Absolute value of the slope of regression line corresponds to the specific
water capacity (see Equation (9.3)). The values of specific water capacity obtained from
the slope values for the fallow site and the sand dune site are quite reasonable for those
under soil dryness of pF 4 to 5 for sand and sandy loam, respectively [van Genuchten,
1980; Campbell et al., 1993]. Thus, these suggest the validity of the concept that the
evaporation within the DSL takes place by the mechanisms mentioned above. Nevertheless,
for the playa site the specific water capacity estimated from the slope of regression line
is too small relative to that expected from the moisture retention data in the previous
works, even though the correlation coefficient (r) is very small due to an inhomogeneity in
horizontal moisture distribution. The slope value for the playa site may be underestimated
due to the effect of non-negligible liquid water transport into the upper DSL. Considering
the discussion in previous section, it 1s reasonable to conclude only for the playa site that
the two types of evaporation (i.e., evaporation at the bottom boundary of the DSL and

evaporation within the DSL) tend to combine over the lower part of the DSL.

9.2 Redefinition of the DSL

In addition to the above discussion, it is necessary to reexamine the physical properties
and definition of the DSL.

As indicated in Figure 50, any soils commonly have a matric head level (or a water
content level) where the conductivity of liquid water is less than the conductivity of vapor
water. As a result, when soil drying progresses from the soil surface to deeper depth,
a soil layer where water can not be transported in the liquid phase is formed at around
the soil surface. This would be a mechanism of the DSL formation. For sandy soils, the

bottom boundary of the layer is clear because the the reversal of the magnitude of the
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two conductivities occurs at a narrow band of matric head. Therefore, it is reasonable
to assume that there is no liquid water transport within the DSL, and this has been the
definition of the DSL. For clayey soils, however, the reversal of the conductivities occurs
gradually at a relatively wide band of matric head so that the bottom boundary of the
layer is not very clear. In the present study, the bottom boundary of the DSL, which is
determined by difference in color between the DSL and the underlying layer, was located
below the upper limit of the liquid water transport region at the playa site (Section 7.1).
In other words, observed results suggest that water can move in liquid phase for a clayey
soil even in the DSL. At the same time, the results also suggest that there is a reduction
of the humidity in the DSL even for a clayey soil. This reduction can not be explained
solely by an effect of the decrease in osmotic potential with salt accumulation at the surface
soil (Sections 5.3 and 7.3), and is appeared to be caused by the huge decrease in matric
head due to an insufficient liquid water supply to it. Thus, in order to make the definition
universal by including fine-textured soils, the DSL should be redefined as the layer in which
a reduction of relative humidity occurs due to lack of or insufficient liquid water supply
from deeper layers. The color difference between the DSL and an underlying layer, which
had been commonly used as the simplest measure of the bottom boundary of the DSL,
may reflect an insufficient mobility of liquid water, while it is necessary to be investigated
further from an aspect of the relationship between the liquid water mobility and optical

properties of soil matrix.
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Chapter 10

Conclusions

(1) For bare soils, evaporation of soil water takes place at the bottom boundary of the
DSL throughout the day. In addition to this, evaporation also occurs within the DSL in
the forenoon. Waters evaporating within the DSL are those transported in the vapor phase
from below the DSL and/or from the atmosphere and condensed in the previous afternoon
and nighttime. The former type of evaporation is caused by a deficit of or insufficient liquid
water supply from deeper soil layers, and the latter type of evaporation is introduced by
change in the conditions of equilibrium between the liquid and vapor phases of water in
the DSL mainly due to diurnal variation of solar radiation.

(2) For coarse-textured soils, the phase of water transported upward changes at a nar-
row zone around the bottom boundary of the DSL, and the amounts of evaporation and
condensation occurring within the DSL is small. In contrast, for fine-textured soils, the
liquid water transport is not negligible even in the DSL, and two types of evaporation
combine over a wider zone. The dependency of the structure and temporal behavior of
the evaporation zone upon the soil texture is related with the difference in specific water
capacity (df/dy) among soils.

(3) Degree of the restriction of evaporation during soil drying depends strongly on the

depth of a dominant part of the evaporation zone and increases with the development of
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the DSL. In the forenoon, however, the flux of evaporation into the atmosphere does not
decrease very much due to a contribution of the evaporation of water within the DSL. The
movement of the location of this effective evaporation zone affects the energy partitioning
of available energy and induces an asymmetric diurnal variation in energy fluxes at the soil
surface.

(4) The DSL should be redefined as the layer in which a reduction of relative humidity
occurs due to lack of or insufficient liquid water supply from deeper soil layers and the layer

has whitish color relative to that of the underlying soil.
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‘Appendix A

Theory for distribution of isotopic

compositions of soil water

By assuming an isothermal system under quasi-steady state conditions, Barnes and Al-
lison [1983] derived the following mathematical model which describes the vertical profiles
of isotopic compositions of soil water:

Vapor transport region
b= o {8 4 € + i1+ 6°7) + 6 — 671}/ [2/ (2 + haZ)] (A1)

Liquid water transport region
8 = (8 + 6% ) exp(—f(2)/ %) + &7 (A.2)

where ¢; is the isotopic delta value for species ¢ (suffix @ means the value of the vapor in the
atmosphere; res the value of input water (i.e., deep soil water or antecedent precipitation);
ef the value at the evaporating front), o the equilibrium isotope fractionation factor,
¢ (= 1 — of) the equilibrium enrichment, 7; (= D,/D,; — 1) the diffusion ratio excess,
D, the vapor diffusivity, z the depth, h, the relative humidity in the atmosphere, z (=
PusatDuve/ p1F2) the penetration depth, pyg. the saturation vapor density, D, effective vapor

diffusivity, p; the density of liquid water, F the evaporation rate, 2; (= D/ E) the decay
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length, D.; the effective liquid water diffusivity for species 7, and depth function f(z) is
defined as

fz) = 9/ dz/8 (A.3)
Ze
in which # and @ are the volumetric water content and its average over z.s to z, respectively.

Although this analytical model have been modified for applying to non-isothermal and
quasi-steady state condifions [Barnes and Allison, 1984}, isothermal and non-steady-state
conditions [Barnes and Walker, 1989], and now numerical models were developed for non-
isothermal and non-steady-state conditions [Shurbaji and Phillips, 1995; Melayah et al.,
1996], original version of Barnes and Allison [1983] model (i.e., Equations (A.1) and (A.2))
is known to well simulate the shape of isotopic profile.

Figures A1-A4 show the vertical profiles of § D and §*®0 in soil water and their §-diagram
representation, calculated with Equations (A.1) and (A.2) for some different conditions.
Figure Al indicates that the isotopic profiles have a peak at a certain depth below the soil
surface, and that data above the peak are plotted on a line in 4-diagram and data below
the peak are plotted on another line. Comparison between Figures Al and A2 suggests
that when evaporation rate is small (i.e., the soil is in drier conditions), the location of the
peak 1s deeper, but the two lines in the ¢-diagram do not change. Comparison between
Figures Al and A3 suggests that the difference in isotopic compositions of input water is
reflected in the slope and offset of the two line in §-diagram. On the other hand, comparison
between Figures Al and A4 suggests the difference in isotopic compositions of the vapor in
the atmosphere is reflected in the line for the data above the peak, but is hardly reflected

in the line for the data below the peak.
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Figure A1  Vertical distribution of isotopic compositions of soil water and its
8-diagram, calculated by the model of Barnes and Allison [1983] with E = 0.1
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Appendix B

Derivation of equations for the
conductive heat flux and heat

storage in the soil

If the soil is homogeneous, so that the thermal conductivity does not vary with depth,

the one dimensional heat conduction equation can be expressed as follows:

2
where T is the temperature, ¢ the time, A the thermal conductivity, C' the volumetric heat
capacity of the soil, and z the depth. Here, it is assumed that the surface temperature 7Tj
1s given by

T, =T + Arsin(wt), (B.2)
where T is the mean soil temperature, Ay the amplitude of the surface temperature wave,
and w is the angular frequency of temperature oscillation (= 27/24 x 60 x 60 for diurnal

cycle). With the above boundary condition, Equation (B.1) can be solved for the simple

case of a homogeneous semi-infinite soil as follows [Sellers, 1965, pp. 135-138; Lin, 1980]:
T(z,t) = T + At exp(—z/d) sin(wt — z/d), (B.3)
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where d (= (20/Cw)/?) is the dumping depth, and the conductive heat flux G (z,t)
(= —AJdT/0t) can be derived by differentiating (B.3) with respect to z and ¢ and then

eliminating A7 by (B.3) as

Differentiating Equations (B.2) and (B.3) with respect t give

387;3 = Arw cos(wt) (B.5)
T~ ppwexp(~=/d) cos(wt - =/d) (B6)

= Agwexp(—z/d) cos(wt) cos(—z/d)

—Arw exp(—z/d) sin(wt) sin(—=z/d). (B.7)

Substituting Equations (B.2) and (B.5) into (B.7) gives

8Tg? ) = 887;5 exp(—z/d) cos(—z/d) — wexp(—z/d) sin(wt) sin(—z/d)(Ts — T). (B.8)

Finally, substituting (B.8) into (B.4) gives

Ge(z,t) = 3{6:{{)(—2/(1)[—3 0@1;3 cos(—z/d) — (Ts — T)sin(—z/d)] + T(z,t) = T}. (B.9)

On the other hand, change rate of heat storage (5) within the surface soil layer of the

thickness of §; can be approximately given as

8, 0T, 9T(6,,1)

S=glgrt—5 )

(B.10)

By substituting Equations (B.5) and (B.7) into Equation (B.10), the following equation

can be obtained:

5 Cés{(’)Ts

oT, —
5 1 + exp(—&s/d)[—a—z— cos(—85/d) — w(Ts — T)sin(—65/d)]}. (B.11)

Equations (B.9) and (B.11) correspond to Equations (8.8) and (8.7), respectively.
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