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L ABSTRACT -
: Water in the soil is one of the key environmental parameters, With increasing .

attempis o understand and fo manage the environment, the demand for an accurate,
b timely, and location=specific soil water content information can be expected to
& grow. Two fypes of techniques appear potentially capable of providing such infor=
mation, nomely water balance and remote sensing methods. In this study, the

attention was focused on the microwave remote sensing method, and in particular on

bare soil temperature and moisture regimes and their impact on the microwave technique.

A layered water balance mode! was developed for determining soil water contents and

their changes in the upper zone (top 30 em of soil), while soil moisture regime charac=
_teristics at greater depths and those near the surface during the divrnal cycle were
studied using experimental measurements, Soil temperature and its variations due to .
several parameters were investigated by means of a simulation model, Using the two
models, moisture and temperature profiles of a hypothetical soil located at mid=latitudes
were generated, analyzed, and subsequently used for computing microwave soil parameters
. at three frequencies (1.4 GHz, 4.0 GHz, 10.0 GHz) for a clear-sky summer day.
5 The results suggest that (i) soil moisture in the fop 30 cm can be predicted on o daily
basis for 1=em depth increments within approximately 0.02 em”/ c:m3 ; (ii) soil temper
afure presents no problem in microwave remote sensing of soil moisture provided that

surface soil temperature can be measured with infrared radiometers from the same plat=
form, and (iii) surface layer domination exists, i.e., remotely measured microwave
response of a bare soil is determined primarily by the moisiure at and near the sur-

o face unless appreciable air=soil discontinuities (in terms of wavelength) exist within

e e s ek i it .

the soil . In conclusion, an algorithm is proposed which combines the water balance
and microwave methods to monitor profile soil waler content changes over large arecs.
Finally, a summary of passive and active microwave measurements of soil moisture is

presenfed.
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N CHAPTER 1.
INTRODUCTION AND PROBLEM STATEMENT

1.1 INTRODUCTION

Soil water,due to its presence near the earth's surface, plays a fundamental
role in mass and energy exchange processes ot the lithosphe -/ atmosphere interface
ard in the ecosystem's functioning. lis importance has long been recognized and is

presently topical in such diverse scientific disciplines as hydrology, ecology, plant

physiology, meteorology, climatology, geomorphology, hydrogeology, pedology,
etc. Hydrology and ryriculture are concerned primarily with those features of soil

water which affect man, The physical geographer's interest in soil water stems from
the important function surface waters hove in differentially shaping the earth's
. topography, the latter occurring mainly duve to spatial variotions of water availability,
In a recently proposed unifying concept of physical geography {(Carter ef al., 1972),
soi} water was considered ¢ basic component of the interface environment. Because

B
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of its indispensability for survival and a prosperous livelihood, soil water also affects i

various phenomena in the domain of cultural geography.

A necessary requirement in dealing with many aspects of water in the soil is

L

some means of measuring the amounts present over large areas. The numerous methods
developed for estimating soil water content may be divided into two groups based on how

the moisture value is obtained.

1.1.1 Direct Methods

In the direct approach, water content of a soil segment at a given time s

determined by directly examining the segment at that time. Thus discrete moisture
i - values are provided, although in some cases continuous recording is possible, The follow-
ing direct methods are used most often.

. Gravimetric Mefhod

The segnﬁenf is physically removed, and its water content is determined by

separating the sample into dry soil material and water components, respectively. The
method is destructive, i.e., the soil segment is desiroyed during this procedure and thus
repeated determinations are not pessible.
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Resistance Method

The resistance to electric current flow decreases with increasing moisture conteht
along the path of the current, This decrease can be measured and through calibration ,
related to water contents. Blocks made of porous materials such as gypsum or nylon
(Baver, 1956) are inserted into the soil segment to be measured. The method is non=
destructive,

Tensiometric Method

Due to the forces of cohesion and adhesion existing between water molecules i
or between water molecules and soil particles, a force inversely related to the amount
of water present must be exerted to remove the water out of the swil segment, The
magnitude of this force (tension) can be determined by measuring the force applied by

the soil on a pool of free water across a permeable membrane. The measured force can

g -

?
oy

then be related to soil water contents through calibration curves for a given soil, This .
approach yields repeated measurements of a soifl segment once the tensiometer is installed; F

it is not applicakle, however, for tensions higher than about 0.85 atmosphere {Taylor . f N -
and Ashcroft, 1972).

Psychromelric Method - i
Relative vapor pressure of soil water depends on the difference in water pofential |
that results from changes in matric, osmotic, and pressure potentials. Alshough the ?
vapor pressure range is relatively small for water contents in the plant growth range
(Taylor and Ashcroft, 1972), accurate measurements can be made provided that the |
ambient temperature effect on the vapor pressure is taken into account. For example,
Rawlins and Dalton (1967) developed a field psychrometer that can measure soil water
potentials with a precision of + 50 joules/kg in soils where ambient temperature changes s
less than 4°C. i
Scattering Methods )
When high energy neutrons collide with atomic particles of approximately the
same size, they are rapidly slowed down by successive coliisions until they attain the some
velocity as particles with which they collide. Since the hydrogen atom is most effective in
slowing down fast neutrons, the number of slow neutrons will be proportional to the amount of
water present. The slow neutron count may be obtained by means of o detector inserted

into the soil segment, and water content within the segment can be determined from a
calibration curve. This approach is called the nevtron method (Bell, 1973).




Another way of estimating water content nondestructively is by measuring
attenuvation of gamma rays as they pass through the soil segment. This methed is most
. useful for laboratory work since it requires that the sowr ce and detector be placed on
* opposite sides of the segment (Gardner and Calissendorff, 1967). However, the technique
has also been applied in the field Ryhiner and Pankow, 1969; Regmuro and Jackson,
1971).
| The direct methods supply relatively accurate data about the soil in close
proximity to the sensor, or in the case of the gravimetric method, about the sample
taken; however, their applications are limited by the cost of insirument installation and
operation,

l.[.2 Indirect Methods It

Since they do not require physical contact with the soil, indirect methods
represent the only realistic means of determining soil water content over large areas. |

2 There are iwo bosically different indirect methods, namely water balance and remote
i sensing. The estimates by remote sensing are discrete in time while the water balance |
. approach can in principle be used on a continuous basis.

Water Balance Method

Rather than by direct measurement, water content is determined as a residual

e ettt - b2 s i

after all inputs (precipitation, irrigation) and outputs (runoff, drainage below the

terminal depth, evoporation, transpiration) have been accounted for, While most

techniques in this category yield water content for the entire soil column, some models

. v s g - M e aema g AN LI e
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(e .g., Baier and Roberison, 1966) subdivide the column into several zones. Water
balance models have proven useful and reasonebly accurate (Baier, 1967). More

successful applications are hindered by the necessity for areal exirapolation of point

measurements which is infrinsic to the method.

b Remote Sensing Methods

Remote sensing of soil moisture is based on the change in electromagnetic
properties of the soil resulting from an addition of water. The changes and their

potential usefulness for soil moisture estimations have been studied in the visible,

thermal infrared, and microwave parts of the electromagnetic spectrum.
(i) The Photographic Method = The propertion of incident visible radiation i'har

is reflected from soil particles decreases with increasing thickness of water film

around the particles. This is a result of several phenomena (Planet, 1970); the most
3
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important one being multiple reflection at the air/water interface. Successful
utilization of this effect is hampered by the interference of soil color and soil drying
patierns (Winkler, 1966; Cooper and Smith, 1966), negligible subsurface penetration _
;, . of the visible radiation, aimospheric interference, etc.; consequently, only qualitative
estimates of the surface moisture content have been made by this approach to date,

(i) The Infrared Method = The flux density of radiation emitted by the soil in the

thermal infrared region is proportional to the fourth power of soil temperature. Inasmuch

as water has an imporfant effect on soil thermal properties, soils with various moisture o
contents may sometimes be delinzated on thermal imagery (Hunter, 1969), especially
if sequential coverage is availeble, Interference of atmospheric and other variables D

also influencing the radiation recorded by an infrared sensor represents an important

drawback with regard to obtaining quantitative moisture estimates. The depth of

penefration is very small for thermal infrared radiation but some response to subsurface

I T T T

moisture exists, mainly due to the diffusivity variations with changing moisture
content (Myers and Heilman, 1969; Blanchard et al,, 1974; Idso et al., 1975), N
(iii) The Microwave Method = The basis of the microwave method of soil water

confent determination is the difference in dieleciric constant of dry soil and of water, s ’

While the real part of the relative dielectric constant of dry soil is less than 5, that of ; 4
water can be higher than 80 af low microwave frequencies. Consequently,the dieleciric con~ o
L stant of moist soil will increase compared to that of dry soil;the increase should be in seme |
proportion to the amount of water present. Figure 1shows real and imaginary parts of the |
relative dielectric constant of loam as a : inction of velumetric water confent measured 4
at three frequencies. If is apparent that the dieleciric constant increases with increasing |

moisture content. However, the imaginary part responds differently to frequency

change than the real part (Figure 1), These differences become important in interpreting
microwave signals in ferms of soif moisture (Ulaby et al., 1974).

For @ homogeneous soil with a smooth surface the amount of reflected microwave -
energy is given by the power reflection coefficient o (Cihlar and Ulaby, 1974). Figure 2 -
demonstrates that the reflection increases with increasing moisture in the soil. Although L
the dato cover a wide range of frequencies and soil textures, no systematic trend of the I
: power reflection coefficient with frequency or texiure is apparent. If the soil is in
addition in thermodynamic equilibrium with its envirenment, then emissivity € is equcﬂ
to 1 = P ; this parameter is indicated on the second vertieal axis in Figure 2, Mpi_sturg

content change from 0.0 cms/ cm3 fo 0.45 cm3/ cm3 can be seen Yo cause emissivity

(and power reflection coefficient) change of 0.4,
4
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of moisture content, frequency, and soil type. From
Cihlar and Ulaby (1974), . ‘




A e R R ) . ¥

(IR AR A I P E A

The two above porometers, 2 and € , are directly related to the outputs of
microwave sensors. For example, the scattering coefficient o° measured by radar at

nadit' ever a smooth suiface is given by (Peake, 1959)

0'°=41Tp . (1)

Similarly , radiometric temperature Tap is proporfional to emissivitys

Top= € T+ ()T 2)
T_ is physical soil temperature, and T, is microwave radiation emitted by the upper
hemisphere and refiecied by the surface in the direction of the radiometer. Atmospheric
attenuation effects were neglected in Equation (1) and (2).

Under natural conditions, soil surfaces are generally not smooth; Equation (1) must
therefore be mndified to account for surface scattering. Secondly, the soil profile is
usually noi homogeneous because of veriations in moisture content, soil texture, bulk
density, etc.; subsurface reflection and scattering may therefore occur, thus affecting
the signal magnitude measured by the sensor. Thirdly, since the measured signal can con~
sist of contributions from the surface as well as subsurface, it follows that the vertical
distribufion of soil moisture (due to reflection coefficient p and emissivity € ) and soil

e e i

tewperature (due to both radiometric temperature T and temperature dependence of the
dielectric constant of water ) can become important. Fourthly, the maximum depth at which
moisture con be measured from satellite altitudes appears limited to the upper part of the
soil profile (see Chapter 4), Consequently, if moisture information cbout deeper layers

is also needed, the microwave method must be supplemented with another fechnique.,
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1.2 PROBLEM STATEMENT

Due to limitations of photographic remote sensing techniques, the only potentially <
useful methods of large=scale soil moisture deferminations are water balance and microwave ‘
and infrared remotfe sensing fechniques. .

Studies of the microwave method of soil moisiure determination conducted

so far cenfered primarily on experimentally documenting the response of microwave

sensors fo soil moisture, and, more recently, on developing models which would
allow prediction of soil moisture content from microwave signal measurements; a list of
previous studies has been compiled by Cihlar and Uleby (1974). The dbove discussion

suggests, however, that an understanding of problems involved in the microwave
apporagh to soil moisture content determination as well as the development of an

operationally efficient algorithm for an extraction of moisture information from the
microwave data will not be completely successful unless consideration is also given

to moisture and femperature regimes of the soil. 1f is in this direction that the . ‘

present study was undertaken, its objective being fo establish a basis for incorporating
sof] moisture and temperature regimes into the microwave method of soil water content .

determination. The study was limited to bare soil where the microwave method appears
more accurate. In addition, sfudies of moisture and femperature regimes of a vegetated

soil require an approach different from that for bare soil. Consideration of both bare |
and vegetated soil would be beyond the scope of a project of this type. Furthermore, L
the ground waier level is assumed to be sufficiently deep so that it does not affect :

moisture flow within the soil profile. 1
Moisture and femperature regimes have been the subject of research in numerous

couniries, by many investigators, and for a number of years, Rather than attempting

to encompuass all the various aspects that have been dealt with in the past by the . "

investigators involved, the approach taken here was (i) determining specific parts of S
these regimes which are of importance fo the microwave method, and (ii) attempting S

to provide answers through research based on relevant data collected either for this
study or by other investigators. The following specific problems were identifieds
)] Vertical moisture changes near the surface of a bare soil and
the possibility of accurately predicting them by means of a
mathematical modef. Such @ model could be used as a
counterpart or complement of the microwave method in o

large=area moisture estimation scheme.




(it) Diurnal variation of soil moisture near the surface. Since the
. microwave method is lime=specific, large divrnal changes in
moisture could cause error in predicting the actual water
. content for a given location. '
(iif)  Vertical and temporal moisture changes at greater depths in the

soil and the extent fo which they are related fo near surface moisture

fluctuations. If such a velationship exisis, subsurface moisture

might be predicted without necessitating its direct measurements.
(iv)  "Meon maximum" bare soil temperature variations to ke expected

at mid=latitudes as a result of varying surface slope and aspect,

time of day, soil moisture content, and soil depth. Knowledge

of these values may facilitate estimating errors fo be expected s

in moisture determination by the microwave method due fo soil

. temperature, as well as ways of minimizing these errors.

(v)  Brightness temperature and power reflection coefficient changes

s

of a bare soil in which both temperature and moisture vary diurnally.

This step combines some of the above resulis in terms of the microwave
method.

{vi)  An algorithm for soil water confent monitoring over large areas.

The specific problems outlined above also suggest convenient subdivisions for
presenting the results. Chapter 2 deals with soil moisture regime (problems (i) through
(i11)). Chapter 3 describes results of soil temperature simulations, while the combined
effect of moisture and temperaiure os it is reflected in the brightness temperature end
the large area moisture estimation scheme are discussed in Chaprer 4. A limited

i discussion of power reflection coefficient changes is also included in Chapter 4. Chapter
' 3 presents a review of experimental invesiigations using active and passive microwave
H o sensors fo determine soil moisture content.




CHAPTER 2,

SOIL MOISTURE REGIME

2.1 ALTERNATIVE APPROACHES TO STUDYING SOIL MOISTURE REGIME

Various aspects of soil moisture regime have been studied in several disciplines

for a number of years. Most investigations of bare soils were made by soil physicisis,

although metecrologists and hydrologists also coniributed to an understanding of soil |
water hehavior, particularfy under field conditions, Siudies of soil moisture may be j
classified as atomistic vs. holistic, field vs. laboratory, and empirical vs, theorefical,

among others, This discussion is approached with the assumption that in a large=area

determination of soil moisture, only the holistic, field, and empirical or semi~empirical

concepts are of interest of this stage. The preference for a holistic approach is determined .
by the {act that soil water is a part of a dynamic system and is therefore affected by many,

TP TP

often interacting, poramefers. The other choices (field and empirical) will be briefly

commented upon before a review of pertinent literature is given.

Lahoratery experiments, alfthough valuable for explaining the mechanisms involved
in soil water behavior, are usually too simplified compared fo the field situation. As-
sumptions commonly made include isothermal conditions, uniform profile, nonradiative

regime, constant evaporation rate, efc. It should be noted, however, that some of

these studies gave rise to simplified theoretical models of soil water which will be

discussed later.

Theoretical equations can, in principle, accuraiely deseribe soil water status,
Because of the dynamism of soil water, it has been argued (Nielsen et al., 1967) that only
numerical , as opposed to anclytical, methods are of potential practical usefulness, Either
technique involves parameters which must be evaluated for a given soil before the

theoretical models can be used; these parameters may vary with distance, time, and sofl
condition (Nielsen et ai,, 1973), In addition, solution of the differential equation of
water flow requires knowledge of the boundary cendition which, especially for a wet or
moist soil, is a function of atmospheric conditions. Due to these characteristics,

S e T L e e

theoretical models appear to have liftle usefulness for predicting field moisture changes
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at the present. Other models, developed after simplifying assumptions were made,
have been shown to yield soil moisiure estimates which agreed with experimental
. measurements (Black et al., 1969). Some authors (Gardner, 1973; Gardner and |
Gardner, 1969) have demonstrated that the simplified solutions can be used to predict
total evaporation for a homogeneous soil. However, the practicality of these methods |
under field condiiions is yet to be established.
Apart from direct measuréments, almost all traditional methods of soil water content
determination under fie'd conditions are based on a budgeting approach. The bdsic

relafionship involved in determining change in storage S is

L =10)-00 (3)

where I(f)and O(t) refer to all inputs and outpuis in the soil at time t. Equafion (3) may
be applied to a system of any size provided that I{f)and O(t) can be defermined, Fora

Ho three dimensiona! body of bare soil the boundaries of which extond above the surface,

T T

Equation (3) con be written in the following form for a period At

AS &P +1+F =F - AE 4

where
S = change in soil water storage;
P = precipitation and dew during Aft;
1= irrigation during Af;

g AE = actual evaporation during At.

Assuming subsurface lakeral homogeneity, the inflow F; and cutflow F have surface

; . ' horizontal Fpr Fopy) ond subsurface vertical (F, , F_ ) components. Usually runoff
5 R and drainage D are defined respectively as
R= Foh ~ Fiy » | (50)
_ and D= Fov - Fiv * : (5b) ‘
If one assumes horizontal uniformity (R = 0), Equation (4} can be wriiten s
AS=P +1=AE - D. (6)

11
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The amounf of water held in the sofl af the fime (f +At) can then be computed s

P S (t+Af)=S (t)+ AS ‘

=S()+ P +1 - AE -~ D. @)

Individual components of Equation (7) can be determined in various ways,

Initial Water Storage

Initial water storage S(¥) is determined by direct sampling or assumed to have a
cerfain value, for example ofter snowmelt, If the computation is performed for a
sufficiently long time prior to the time interval of interest, the choice of 5(t) becomes

L insignificant. .
o
] Precipitation .

Precipitation amounts are measured by rain gauges and extrapolated into areas
between gauges fo obtain "areal” rainfall, However, there is considerable uncertainty
associated with this exirapolation. A mecsure of this uncertainty can be obtained from \
dense raingouge networks, Figure 3 shows the ratio of moximum average areal rainfall in =
an area to the average moximum point rainfall over the area plofted vs. the area size. Data |
for 30 minutes, 1 hour, and 24 hours duration were measured at networks located throughout
the United States, while curves for 3 and 6 hours were interpolated. It is apparent that
as the area size increcases and duration of a storm rainfall decreases, the differences
between point and areal rainfall become more pronounced. For example, in a 110 sq, mi.
area, a 30 minute rainfall may be 1.67 times higher af some point than the average rain-
fall over the area (Figure 3). The location of maximum rainfal! is believed o be random {U.S. .
Department of Commerce, 1958). Hershfield (1969) concluded from dense networks data

collected in various parts of the U, S. that in general, the stondard deviation of point
rainfall increases with an increasing rainfal! amount; that is, the coefficient of variability

remains reidﬁ've]y constant as the area size increases, Exireme variafions of storm fotals,
actually ohserved af 20 dense networks and during storms 30 minutes to 39 hours in

duration, are shown in Figure 4 by an enveloping line os a function of the shortest
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distances befween raingauges. Since these data were based on a relatively smail
sample, a larger search using denser neiworks would provide measurements to raise

the enveloping line (Hershfield, 1969); nevertheless, Figure 4 suggests that the raiinfall
could differ by 2.54 cm over a distance of 0.16 km.

From the above daia it is evident that precipitation can be a source of considerable
uncertainty in using the water halance approach for soil moisture content estimation.
Various methods have been developed for estimating areal rainfall from {imited raingauge
measurements (e.g., Hutchinson and Walley, 1972; Chidley and Keys, 1970), but the
prediciions given by these models are limited by the inpuf data.

Irrigation

In contrast to precipitation, irrigation amounts are vsually well known. The
areal distribuiion is also more uniform although, depending on the method of application,
differences in the amount of water added to various parts of a field con occur.

Evaporation

Three conditions must be satisfied before evaporation from bare soil can occur,
First, water must be availeble af or sufficiently near the soil surface. Secondly, iatent
‘heat must be available at the same sites. Thirdly, a positive water vapor pressure
gradient must exist between the soil susface and the air cbove it

The evaporation from an initially wet bare soil occurs in three stoges (Penman,
1941; Philip, 1957; Philip, 1967). The first stoge is characferized by a high evap=
oralion rate with the maximum evaporative water loss fimifed by atmospheric condii
The second stege s initiated when soil water cennot be transmitied fast enough'ro b
evaporation sites. Here eveaporation rate decreases, surface dries rapidly, and wat .
transfer in vapor form becomes important. The third stage is fypified by a low,
relatively constant evaporation rate controlled by forces of adsorption at the liquid=
solid interfaces (Lemon, 1956). Idso ef al. (1974) demonstrated the existence of these
three stages under field conditions, They showed that the third stage is initiated af
the surface water content that corresponds o a refention of two molecular layers around
surface sotl parficles. The rrmsiﬁdhs befween stoges 1, 2 and 2, 3 could be identified

on the basis of albedo medsuremenis.
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The above discussion indicates that bare soil evaporation is either primarily
atmosphere~!imited or primarily soil=limited. Accordingly, the protess has been
studied extensively by both meteorologists and soil scientisis, among others. Numerous
approaches with various degrees of empiricism and with more emphasis on some portion
of the evaporative process than on others have been developed. Nunn et ol . (1970)
summarized four mass transporf formulas, fwelve cerodynamic formuias, an eddy correlation
method, an energy balance method, and five empirical methods for computing evaporation.
Equations of Baier and Robertson (1965), Christiansen (1968), and Eagleman (1967) should
be added to the Jast group., These formulas require various inpuis, but in general, the
more complex ones are more accurate and can be applied to shorter time periods. The
simplest formulas have been developed for a period of one month, aithough their use
for one day intervals can give satisfactory results (McGuinness and Bordne, 1972;
Eagleman, 1971). .

The soil~limited evaporation stages have been dealt with af various levels ranging
from theoretical to empirical. Many of the theoretical studies are of limited interest here
because they do not yield a practical method for evaporation determination in the field.
Two recent studies warrant mentioning, however. Black et al . (1969) predicted cumu=
lative evaporation from a Plainfield sand fo within 0.3 cm of water for @ period of 3 months.
The prediction was based on an analytical solution of the flow equation. Gardner (1974)
used fractiona! water loss vs. square root of fime curve s the basis for predicting
evaporation from a fallow field soil . It should be nofed that in both studies, the necessary
relationships were derived experimentally for the same soil, i.e., the "training" and
"testing" sets overlapped; thus the predictive capability of these techniques for other
soils has not been fully demonstrated. The studies did show, however, that simplified
theoretical relations can be used successfully under field conditions.

On the more empirical side, the most common approach to studying the soil=
limited evap'orarion stages have been attempts to defermine the relationship between the
actual (AE) and the potential (PE) evaporation. Various relafionships have been derived
from studies of evaporation or evapotranspiration (Baier, 1967; Selirio, 1969). Selirio
(1969) argued thai the type D~relationship {exponential decrease of AE when soil
moisture is reduced to a certain level), presented by Lemon (1956), Philip (1957), Holmes
and Robertson (1960) and others, is valid for both bare and vegetated surfaces. Selirio
and Brown (1971) cbtained close correspondence between bare sotl moisture measured and

calculated using the type D=curve. On the basis of data from five different lysimeter
16




studies, Priestley and Taylor (1972) plotted the AE/PE ratio against the accumulated
actual evaporation minus precipitation difference. They concluded thot the AE/PE
ratic equals unity until the accumulated difference reaches some critical value and then
decreases linearly; the critical value was 0.2 cm in one bare soil case. According to
Baier (1969), the AE/PE relationship depends on the moisture characteristics of the soil.

Draingge

Soil water in excess of that which can be retained for exiended periods of time
drains out of the soil profile. Its amount can be determined directly by measuring moisture
content changes in the profile when evaporation is prevented (Wilcox, 1959; Ogata and
Richards, 1957; Hillel, 1971; etc.). Alternatively, the drainage amounts can be estimated
from water flow theory using experimentally measured hydraulic gradient (Stone et al,,
1973). However, without direct measurements or some knowledge of soil profile charac-
teristics, drainage estimates become difficult. Consequently, when computing moisture
storage in the subsoil, it is often assumed that water in excess of a storage capacity of
the soil profile drains into deeper layers.

Various water balance studies have been made, for both bare and vegetated
conditions. The studies involve Equation (7} and differ primarily in the way in which
individual components are determined. Black et al. (1969) bosed the estimates on soil
water flow theory and on empirical determination of the parameters needed., Quashu
(1969} computed moisture depletion from soil initially af field capacity by an expenentiai
decay relafion in which a "depletion coefficient” was an experimentally evaluadted
lumped parameter; this coefficient expressed a combined effect of climatic,; biotic,
and soil variables. Eagleman {1971) calculated AE from a formula involving powers of
PE and of moisture ratio {ratio of available water to the maximum available water in
the soil profile). Baier and Robertson (1966), Selirio and Brown (1971), and Vanderlip and
Brown (1974) used layered models, in which water balance is computed separately for
a number of layers within the soil profile. In general, these siudies demonstrated
that water content within the soil profile can be monitored using the water balance
method, but the accuracy achieved varied with the complexity of the model and the
input paremeters used. For application to larger areas, rainfall varicbility presents a
major problem. In addition, runoff enters as an important factor on sloping surfaces.

It should be noted that hydrologic models of watersheds (Holton et al., 1974;
Smith and Lumb , 1967) are also water balance models. Some of these models use
Antecedent Precipitation Index as the measure of soil moisture deficiency; its value is
determined as

17
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APL ()= APT (r-= 1)K + P (), (8

where API(t) = value of API for day t.
K = recession factor: i
As stated in section 1.2, three specific soil moisture problems were pursued -
in this study.
(i) Development and testing of a layered water baiance model for |
predicting bare séil moisture changes in the upper portion of the
soil profile. Layered models are preferrable to mode!s which regard
the entire soil profile os one layer because they allow prediction
of the temporal moisture changes as a function of depth; moisture
varies with depth in both bare and vegetated soil. However, existing
layered water balance models do not have sufficient depth resolution.
For example, the bare soil model of Baier et al ., (1972) consisted of

three layers, and that of Selirio and Brown (1971) of four layers. In
addition, layered models require depth=dependent coefficients as an

i .

|
g input, and these coefficients are not readily available, ’
: {(ii) Diurna! variation of soil moisture near the soil surface. Since the
time increment for which moisture changes are predicted by water

balance models is one day or more, diurnal water content variations would
not be accounted for by this technique. Therefore, from the view=

point of real=time measurements, the magnitude of the diurnal soii
moisture changes under various conditions becomes important.

(i1i) Vertical and temporal moisture changes at greater depths (“subsurface")
and the exient to which they are related to near-surface molsture
fluctuations. This problem refers to the possibility of estimating sub-

surface moisture without necessitating ifs direct measurement. P

2.2 NEAR-SURFACE MOISTURE REGIME -

2.2.1 Layered Water Baiance Model

Development of a layered water balance model involves (i) specifying

E 2,2,1.1 Development

methods for computing inputs (precipitation, drainage) and losses (evaperation,

| 18
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drainage) into individual layers, and (ii) combining these into a mode!, Since
evaporation is the main depletion mechanism near the surface, its determination is
crucial for constructing an cecurate model; therefore, it will be dealt with first,
£ 2.2,1.1.1 Eveporation = Several metheds for computing evaporation have been

described in section 2.1. Because of its simplicity, the approach based on AE/PE
rafto as a function of soil moisiure was adopted here. If the soil profile consists of

n layers, the amount of water lost by evaporation from a soil layer j on doy i, AEij'

can be cualeulated as (Baier et al., 1972)

= 9

AE; =k Cpo PE; )

where C.. = coefficient accounting for those soil characteristics in the jth layer
which affect evaporation loss;

PE, = potential evaporation on day i;

E i kj = depth coefficient for the j*h layer.
S The total amount fost from n layers, AE;, is equal to
n
AE, = PE, 21.:. C.. . (10)
1 1 J= i 1j '

If mokture content is sufficiently high, AEi = PE, (section 2.1), and C,. = 1
(Baier et al., 1972), Therefore, '

n

k.= 1. _ an
=t |

Equation (11) shows that coefficients k, distribute the total evaporated amount AE,

. to individual layers within the profile. The values of k. can thus be determined
divectly from Equation () when C-ij = 1, When actual evaporation falls below potential

. evaporafion, 'Cij becomes less than one and its value will be a function of soil drying
characteristics (Section 2.1).

19
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In order to use Equation (9), one must obtain estimates of k. and of Ci. .

As noted before, k. values published in the literature (Baier et al., 1972; Selirio

ond Brown, 1971; Vanderlip and Brown, 1974) do not provide the spatial refine- !

ment needed. It therefore became necessary fo obtain new k. estimates with
adequate depth resolution. Since this method of AE; computation is essentially .
empirical, the new estimates must be derived frem accurate measurements in order
for Equation (9) to yield adequate resulis.
In the course of an experiment dealing with near surface wofer fluxes in a

X | bare soil, researchers at the U.S Water Conservation Laboratory in Phoenix, Arizona,
acquired a set of detailed measurements of soil moisture, These included volumetric

TR LT L

soil water contents m. for seven depth increments (0-1 cm, 1-2 cm, 2-3 cm, 3=4 cm,

4-5 cm, 57 cm, and 7=9 cm) at 20 minute intervals for a number of days, and total

actual evaporation AEi (see Appendix B for their experimental procedure). Jackson

(1973) presented doily volues of moisture for a 37-day experiment conducted in March

and April of 1971; the same data were provided for the present study in tabular -

form*. Since these values were computed from individual measurements between

0000 (midnight) and 2400 for any given day, the averages were considered representative .
of conditions ot 1200* hours ., Values of AEij were computed as the difference between
m ¢ for adjacent days, and corresponding m,  was determined as the averoge of mj's
for adjacent days. Pan evaporation measurements were obtained from the University
of Arizona Citrus Experimental Station (latitude 33°23'N, fongitude 111958'W  for the

same time period, Under the conditions of the evaporation experiment (Appendix B),

the potential evaporation (PE) could be expected to occur at the levels close to pan
evaporation becouse of the large thermal advection. This was also confirmed by the
ratios of actucl and pan evaporation which were close to 1,0 for the first three days
in the March, 1971, experiment. Consequently, the measured pan evaporation values
were considered equal to potential evaporation (PE) for all data collected af the U. S. 4
Water Conservation Loboratory. Since the PE values were recorded at 0800 hrs,, the . i
measured PE volues were parfitioned for the 1200 to 1200 periods. Consequently,
sets of mij R AEi' AEij , and [-"Ei daia were available for an evaporation peried of 37

days.

*Courtesy of Dr. R. D. Jackson, U. S, Water Conservation Laberatory, Phoenix, Ariz.
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To determine values of k., .rcﬁos AEi' PE, were plotied against the corresponding
m;j's for each of the seven layers between 0 and 9 em. Data points from a July, 1970,
experiment were plotted in Figure 5 and others for comparison only; it should be stressed
that the March, 1971, data alone were used in deriving k. and X coefficients. Figure 5
shows the AEi' PE, ratios for depth 0~1 cm: at the highest moisture content,the value is
approximately 0.13. In this fashion, preliminary estimates of k. were obtained for
depths 0 to 9 cm, These estimates were preliminary because even for the highest moisture
content for which data were available, AEi wos less than PE,, their ratio being 0.90.

For this reason, a second kj set was obtained after dividing the preliminary estimates by
0.90.
In the computations described so far, no account was taken of the layers below

9 cm from which evaporation also occurs. The total thickness of the evaporation zone
in bare soil is not constant but depends on soil water diffusivity, moisture gradients,
evaporation demand, etc, Data from the same experiment indicated that the plane
of zero water flux varied between 15 and 35 cm (Jackson et al., 1973). Laboratory and
field experimental data have been presented which show that the bulk of evaporated
water originates in the 0~15 cm to 0-70 cm layer (Benoit and Kirkham, 1963; Keen, 1922;
Fritton et al., 1970; Honks and Gardner, 1965; Willis and Bond, 1971). In this study,
a constant thickness of 30 em was chosen; this aiso corresponds to an upper moisture
zone thickness in some hydrological models (e.g., Smith and Lumb, 1967). Since no
defailed measurements were available for the layers between 9 and 30 cm depth, it wos
assumed that k. vaiues decrease linearly in that region. These extrapolated volues,
together with the experimentally derived values, are shown in Figure 6 and Table 1.
Given k.'s from Table 1, values of Cij (Equation (9)) can be computed for all

measured moisture contents; for any day i and layer j,

AE..
c. = & (12)
4 k; PE;

C,; will thus decrease from unity when AE, = PE, to zero when AE, = 0. Figure 7 and

8 show Ci' values calculated for data from several experiments (all on Adelanto loam)

at two depths, 0= em and 2-3 em. The values of C,. remained constant to some value of
moisture content and then sharply decreased; this suggests that the exponential decay
relation between Ci' and m, {type D=curve, section 2.1) holds for these data. There

are two noteworthy regularities, however. First, the critical moisture content below
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_ Adelanto Loam
Depth: 0-1cm
® March 1971
v July 1970
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Ratio of Actual (0-1 cm Depth) to Potential Evaporation, Dimensionless

e 0® o | !
0.0045 0.1 0.2 0.3

Soil Water Content, cm®/ cm®

Figure 5. Relationship between the ratio of actual (depth 0= 1 ¢m) and
potential evaporation and soil water content.
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Coefficient k;, Dimensionless
0. 00 0.05 0.10 0.15

Figure 6. Coefficient k as a function of depth.
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Table 1. Depth coefficients kj for the layered water balance model .

Depth j
(cm)

Coefficient k,
(dimensionleds)

Depth j
(cm)

Coefficient k.
(dimensicnlesd)

Depth j
{cm)

Coefficient

k.

{(dimensionlesd )

0-1
i-2
2=3
3-4

9-10

0.148
0.0%94
0.069
0.060
0.051
0.047
0.042
0.039
0.038
0.037

LA it Vh R S B

10-11
=12
12=13
13-14
14-15
15-16
16-17
17-18
18-19
19-20

24

ok n

0.035
0.033
0.032
0.030
0.028
0.026
0.025
0.023
0.021
0.020

20-21
21=-22
22-23
23-24
24-25
25-26
26=27
Z7-28
28-29
29-30

0.018
0.016
0.015
0.013
0.01
0.009
0.008
0.006
0.004
0.002
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0.8 Adelanto Loam

Depth: 0-1cm ® ®
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0.77 v July 1970
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Figure 7. Coefficient cij as a function of soil water content (depth 0= 1 cm).
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Figure 8. Coefficient Ci; asa function of soil water content (depth 2= 3 em).
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which C: decreased to less than one, is lower near the surface than at greater depths,
Secondly, the decrease of cij becomes more rapid as the depth increases (Figure 7 and
8).

The exponential decay relationship may be expressed as

C,. = 1 if m,,20.955C, (13a)
t] 1) i i
mij; ().‘?SSC_i
= X SC i otherwise, (13b) j

where SCj = storage capacity of the jrh loyer. Selirio (1969) used X = 127,42,
Equation (13b) represents a family of curves, however, which differ primarily

in the rates of decay. Attempts to calculate X from the experimental data were not
successful because of the large scatter of data points (Figure 7 and 8). Therefore,

T LT m Tt e Haes e et el

values of X were derived by trial and error so as to represent the scatter of Cij poinis
for each layer. It may be noted that Equation {13b) can also be written as

ot b oy ot ¢ e s

m.. = 0,955C.
i

a = inX, 1

Values of X and « for 30 layers 1=cm thick are given in Table 2. Values

for depths greater than 9 em were extrapolated on the basis that as X increases by a
factor of 2, so does the thickness of the soil layer to which this X value applies.
2,2.1.1.2 Distribution of Precipitation = The technique used to distritute preci'pitoﬁon
to various layers was identical to that of Baier et al (1972). As water infiltrates below

the surface, each layer is saturated to its storage capacity before water drains through
it into the next layer; water remaining after saturating the deepest layer was considered

as drained out of the profile and did not ent=r any computations.

27

A e e i G IR )




Table 2. Values of X ande as a function of depth for the

layered water balance model .

Depth X
(em) -+ {dimensionless)

o

(dimensionless)

0-1 20.
-3 80.
4=5 400.
5=9 800.
9-17 1600,
17-30 3200.
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2,9957
4.3820
5.97215
6.6846
7.3778
8.0709
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2.2.1.1.3 Model = A flowchart for the water balance model is shown in Figure 9.

The actual computation of soil moisture change for o given day i consisted of three steps:

M

(ii)

Assignment of depth coefficients k, to each layer j. For a
sufficiently moist soil, k.'s were equal fo these in Table 1.

If the near-surface layers dried out below o "critical water

content" (CRWC), k. values were shifted down one layer for

each "dry " layer, This modification was based on the

observation that ofter moisture content of the 0~1 cm layer

decreased below approximately 0.06 fo 0.08 cma/ cma,

moisture loss from the 12 em layer increased. According to Jackson
(1973), moisture content of 0.06 cm3/ t':m3 for Adelanto loam
corresponds fo approximately two molecular layers, and that of 0,08

cm3/ cm” is equivalent to a tension of 200 bars. In the following

sections, CRWC was ossumed equal to .08 cma/ cm3 for loam
and silt loom, and 0,10 cms/cm'?' for clay loam,

Computation of actual evaporation AEi' and total evaporation
AE, for NL layers. This computation followed Equations (9)

and (13). Values of AEij were sef equal to 0,0 if ;s was less thon
0.03 cma/ cm3.

Distribution of precipitation measured for day i was carried out as
previously explained (section 2,2,1.1.2; Figure 9) with one
modification: the deepest layers reached by the rainfall were not
recharged completely so that @ more realistic moisture gradient
with depth could be obtained.

2,2,1.2 Testing

The water balance model described in previous sections was tested on four sets
of data (Table 3). The first set (TS1) wes used to derive values of kj and Cij . The
second set (TS2) was obtained in an experiment carried out in July, 1970 , which was
otherwise similar to the March, 1971, experiment (Appendix B). The third (T53) and
the fourth (TS4) testing sets were obtained during measurements of radar backscatter

from bare soils near Eudora, Kanses; dota for the 1973 season {TS3) were presented by

Cihlar (1973). For these comparisons(Tables 5 though 8) predicted values were averaged

so o5 to coineide with the depth increments sampled in various testing sefs. The foliow=

R AR e e A i S S et L
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NL, NDAYS, CRWC
SCh My by X
1'1].?& V

-
-
c il x Mo .95 5C )
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AE“ —— k‘jC;}PE.‘
AE; = AE; ¢AE;
:
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True
/
False -
]
i1
am,; = SC, -m, .
M= Wy Ay
DRAIN= DRAIN Amj

Figure 9. Flowchart of the layered water balance modei.
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Table 3. Parameters of four data sets (TS1 through TS4) used to test the layered
water balance model .
] Potential Evaporarion N
Data Location Date Number of Days p
Set and When Depth  Increments Statistics (cm) |
Neo. Soil From To Total Ssc?t::ples sampled {cm) Source Mean Standard !
Taken Deviation P
|
e
i Phoenix, Az. |3/6/71 |4/8/71 33 15 0-1, =2, 2-3, 3-4, 4-5, Pan 0,526 0.069 i‘
Adelanto loam 5=7, 7-9 evapora= —
ﬁon* :
2 Phoenix, Az. |7/12/70{7/17/70 ) é os above Pan 1.077 | 0.063 |
Adelante leam J evap;oro-
tion
*k
3 Eudora, Ks. 7/25/73}9/5/73 43 8 0-1, 1-2, 2=5, 59, 9-15, Computed 0.560 | 0.104 I
Eudora silt 15-25, 25=35
loam
- *
4 Eudora, Ks. |8/25/72}19/15/72| 28 3 0~2, 25, 5-9, 9=15 Computed 0.445 | 0.095
Pawnee clay |
loam

*See text for explanations.
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ing data sources were employed to calculate potential evaporation for T53 and 154,

Temperatures, relative humidities, wind speed, and rainfall were either measured at

the experimental site or computed from linear regression equations developed on the
basis of on=site measurements (dependent variable) and of the University of Kansas
meteorological station measurements (independent variahle) for the overlopping

periods. Estimates of percent sunshine were obtained by averaging velues reported by .

the U. S, Weather Bureau Airport Stations in Topeka and Kansas City, respectively.

Values of daylight duration and total sadiation outside the atmosphere were taken

from List (1951). Using these dota, potential evaporation values were computed by
methods of Penman (1948), Baier and Robertson (1965), Christionsen (1968), Eagleman
1967), and Thornthwaite (1948); however, only resulis obtained from the Penman

equation were used in the water balance calculations.

Figure 10 shows computed and measured (TS 1) moisture contents for three layers

: (0-1 cm, 3=4 cm, 7=9 cm). The predicted values were in good agreement with measured
vaiuves, especially for the period 4 to 16 days after irrigation. For the remaining two
measurements (23 and 37 days after irrigation}, soil at greater depths dried out faster
thon the model predicted. This suggests that the "sinking" of k. values for lower moisture

AT T Ty Tty L s ety ey s

contents did not raise AEij values sufficiently. It is possible that the CRWC value should .
also increase with depth, thus ollowing for faster "sinking” of k. coefficients. The

difference between computed and measured values was worst ot the depth of 3=4 cm

b gt e

@s indicated in Table 4. These dota show that 23 days after irrigation, prediction was

satisfactory for ali depths except the 3-4 cm layer, while its accuracy decveased for

the adjacent layers during the subsequent period,
Table 5 gives a statistical description of the correspondence between measured
and computed values for TS1; all pairs of values are plotted in Figure 11. The good
predictive capabitity of the model is indicated by the high correlation coefficient
( = 0.959 for individual layers) and low standard error of estimate ( < 0.0111 for
individual layers). An interesting and repeatedly occurring feature of the predicted
moisture contents was that the slope of regression lines for individual depths was less -

than unity; that is, the model overestimated actual eveperation for a moist soil but
underestimated it when the soil became dry. This is probably again related to k,
values although the slope was also below unity for the surface layer in two of the
four testing seks (TS1, TS3; see Table 5,7).
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Adelanto Loam
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Figure 10. Comparison of computed and measured soil water contents for three depths as a function of time.
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Toble 4, Differences beiween computed and measured soil water contents
at 16, 23, ond 37 days after irrigafion, data set TS1.

Day Difference between computed and measured moisture content for
Since | depth increment {em™/em®).
frrigetion | oy | -2 2-3 34 | 45 | 57 7-9
16 -0.010 | +0.008 |+0.010 | +0.011 | 0.000 |0.C00 |-0.003
23 -0.011 0.000 |+0.013 +0,038 |+0.022 [0.011 +0.001
37 0.000 | =-0.015 |-0.009 | +0.,036 }+0.036 R0.037 [+0.021

Table 5. Statistics for the layered water balance model performance,
data set TS1.

Mean Correla= |[Standard
Depth Stope |intercept jrion Coef=|Error of
Measured |Computed ficient  IEstimate
0-1 0.094 0.092 0.936 0.004 0.984 0.0107
=2 0.148 0.142 0.887 0.010 0.986 0.0073
2=3 0.183 0.184 0.914 0.017 0.975 0.0054
3=4 0.199 0.208 0.717 0.065 0.959 0.0073
4=5 0.208 0.214 0.774 0.052 0.959 0.0080
5-7 0.217 0.223 0,782 0.054 0.965 0.0073
7-9 0.224 0.228 0.892 0.028 0.976 0.0061
all
data 0.182 0.186 0.940 0.015 0.976 0.0135
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Figure 11. Comparison of computed and measured soil water contents. Daic
Set TS1.
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The correspondence between moisture values for Adelanto loam collected in [
July, 1970 (Jacksen, 1973) and predicted values is shown in Figure 12, Except during *
two days for the 12 em layer, the pairs of values agreed closely. Since the measurements
were made only for the initial evaporation period, the accuracy of prediction wos .
excellent in terms of both correlation and standard error (Table 6).

Both TS1 and T52 were related to the model derivation, so that o close

! correspondence between computed and measured moistures may not be surprising. :
Indeed, a cursory examination of the statistics for individual depths of TS3 (Table 7) ,
reveals substantial decrease in accuracy. However, measured moisture values used for |
the statistical comparison with computed values were means of one or more samples,

and the individual samples exhibited considerabie variations around the means. The
sampled mean values were plotted against the computed ones in Figure 13, In addition,
error bars were placed on the exireme measured values when more than one sample were
taken. If cases with only one sample are ignored and assuming for the remaining points
that the actual soil moisture could be anywhere within the error bars, then the moximum
difference between computed and measured values is less than 0,035 cm3/ cm3 for all
(50} points, less than 0,025 cm3/ em® for 92% of all points, and less than 0.020 em¥/em

for 84% of all points. In other words, although the correspondence between measured

3

and computed values was worse than for TS1 and TS2, it was nevertheless rather close.
This conclusion is further supported by compoaring the computed values for depths of
10 ¢m and 25 em with values measured tensiometrically (these data are discussed in

section 2.4, and the experimental procedure used in their acquisition is deseribed in
: Appendix B). For the period between 8/5/73 and 11/3/73, the absolute difference
between computed and measured values was gererally less than 0,020 cms/cm3.

Comparison between computed and measured moisture contents for TS4 yielded 3

; similar results: the intial scatter of points around the 1:1 line was reduced to less than
3, 3

0.01 em™/cm

point in 754 was a mean of two samples. The occesionally large difference between

when the error bars were taken into comsideration (Figure 14). Each data

their moisture contents was attributed by Ulaby (1974) to the presence of a ditch which
facilitated drainage of one site only. In addition, heterageneity of the soil infiltration

i e L i el P L o

rates could be involved as the differences were greatest following a large rainfall,

A statistical analysis of the predictive accuracy for T34 (Table 8) shows good agree-
ment befween measured ond comuuted values. Ii should be noted that for both TS3 and

154, the statistics (Table 7,8) are based on the mean measured values only; obviously,
x the parameters would change somewhat if the error bars were Yaken into consideration.
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Adelanto Loam

July 1970

Depth:

0-1cm

1-2cm

2-3cm

3-4cm

4-5cm

5-7cm (]
7-9cm

0.3

x @4 0 DO

et
(AN
T

=
tod
1

Computed Soil Water Content, emfem®
>

0. 00.0 0.1 0.2 0.3
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Figure 12, Comparison of computed and measured soil water contents . Dota
set TS2. ‘
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Table 6. Statistics for the layered water balance model

performance, data set T52.

1)

Mean Correla= |Standard
Depih Slope |Intercept |tion Coeft Errvor of
Measured [Computed ficient  |Estimate
0-1 0.071 0.065 1.131 -0.016 | 0,974 0.0093
1-2 0.141% 0.125 0.635 0.036 | 0.994 0.0035
2-3 0.183 0.179 0.839 0.026 | 0.999 0.00i12
3~4 0.201 0.204 0.755 0.052 | 1.000 0.0007
4=5 0.208 0.210 0.853 0.033 | 0.998 0.0016
5=7 0.214 0.220 0.859 0.037 | 0.995 0.0021
7=9 0.219 0.226 0.897 0.030 { 0.997 0.0015
Al Data | 0.177 0.176 1.043 -0.009 | 0.985 0.0105
Table 7. Statistics for the loyered water balance mode!
performance, data sef 753.
Depth Mean Slope jintercept &g::‘r%gefi %:‘:'_2?‘:?
Measured |Computed ficient Estimate
| 0.187 | 0.174 0.941 -0,002 | 0.975 0.0213
1-2 0.201 0.197 1.080 -0.020 | 0,905 0.0319
2-5 0.222 0.245 1.441 -0.676 0.947 0.0199
5-9 0.234 | 0.252 0.881 0.046 | 0,664 0.0303
9-15 0.264 | 0.257 0.670 0.080 | 0.467 0.0322
15-25 0.301 0.283 0.334 0.182 | 0,286 0.0243
25-35(30)] 0.312 § 0.293 0.463 0.149 | 0.533 0.00%0
All Nata 0.246 | 0.243 | 0.913 0.018 | 0.900 | 0,0282
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Eudora Silt Loam
1973

Depth:

0-1lcm
1-2¢cm
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5-9cm
9-15¢cm
15-25cm
25-35cm
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Computed Soil Water Content, cm¥cm®

o |

0.0 0.1 0.2 0.3
Measured Soil Water Content, cm®/cm?®

0.0

Figure 13. Comparison of computed and measured soil water contents. Dotfa set TS3.
Horizontal bars designate standord deviation, vertical bars indicate that
only one sample was taken,
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Table 8. Statistics for the layerad water balance model
performance, data set T54.

Mean Correla~ {Standard

Depth Slope |Intercept |tion Coeft Error of
Measured |Computed ficient | Estimate

0~2 0.290 0.262 1.042 -0.040 | 0.998 0.0056
2-5 0.331 0.327 0.672 0,105} 0.955 0.0166
5=9 0.359 0,354 0.762 0.081 | 0.868 0.0293
9-15 0.393 0.383 0.565 0.161 | 0.794 0.0351
All Deta | 0,333 0.318 0.996 =0.013 | 0.947 0.0224
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0.45- Pawnee Clay Loam
1972 S/

Depth: —v
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Figure 14. Comparison of computed and measured soil water contents. Data sef
754, Horizental bors designate standard deviation.
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The above results indicate that soil moisture in the 0 to 30 em zone may be
predicted for 1=cm depth increments within 0,02 cms/ cm3. Precipitation, daily
potential evaporation, soil storage capacity, and initial soil moisture contents are
required os input. Two remarks concerning the storage capacities are in order. First,
the appropriate value of storage capacity appears to correspond to a tension of approxi=
mately 0.09 bars, The moisture values used for TS1, TS2 and T53 (Table 9) represent
a tension of 0.09 bars, according to moisture characteristics given by Jackson {1973)
and those obtained by measurements (Appendix B). The storage capacity initially used
for Pawnee clay loam (TS54) was the field capacity value for a clay loam given by
Salter and Williams (1965), multiplied by empirically determined bulk density ({laby
et al., 1974). The predicted values were foo low, however; the resulis given in Table
8 were obtained only after the cbove storage capacities were multiplied by 1.10. The
low tension values cannot be explained by the necessity to pravide storage space for
precipitated water during the first two days after roin because no water was added in
TS1 and TS2. Although these results are consistent, further testing with data from widely
different conditions should be made before a final value of storage cupacity svitable
for this model is accepted. It is also conceivable that the storage capacity varies
within o moisture tension range similorly os the field copacity. Secondly, the storage
capacity for the top 2 cm was 0.9 that of what it would be if the layers were located
deeper below the surface. This adjusiment, derived from Jackson's (1973) data , was
due to the observation that for the top two layers, AE.. values were high even several
days after irrigation when their moisture content was much below the field capacity (Figure
5). The close correspondence between computed and measured moisture values for these
layers (Table 5 through 8) suggest that the trend of higher evaporation rates from near=
surface layers wasreal; it may be due to the evaperative demand of the atmosphere which
is most effective at the surface.

Although the water balance moadel was constructed for 24=hour time increments,
it was of interest to defermine the accuracy with which hourly soil moisture changes
could be predicted. If the model performs well for hourly time intervals, it could be
used to simulate diurnal changes of soil moisture. Results described in this paragraph
have actually been computed using the soi! temperature simulation model (Chapter 3),
which included the water balance model for computing hourly profile moisture changes;
they are presented here fo provide a more comprehensive picture of the medel’s
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Table 9. Steroge capacities for the four testing data sets.

. 3, 3 Storage Capacity
Storage C
Depth orage Capacity (cm”/cm®) Depth (cn?glc 3
™ | 151,152 753 754 (cm) 7s3 1S4
; 0~1 | 0.270 0.275 | 0.320 | 9-10 | 0.305 | 0.423

-2 | 0270 | 0.275 | 0.320 || 10-11 | 0.305 | 0.426
2-3 10.315 | 0305 | 0.356 || 11-12 | 0.306 | 0.428
3-4 | 0.315 | 0.305 [ 0.366 || 12-13 | 0.306 | 0.428
45 10315 | 0,305 | 0.378 || 13-14 | 0.307 | 0.428
5-6 | 0.315 | 0,305 | 0.387_| 14-15 | 0,307 | 0.428
67 | 0.315 | 0.305 | 0,396 || 15-16 | 0.308 | 0.428
7-8 | 0315 | 0305 | 0.405 | 16-17 | 0.310 | 0.426
89 10315 | 0305 | 0.417 | 17-18 | 0.312 | 0.423

Ly e
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ig-19 | 0.315 | 0.420

n - 19-20 | 0.320 | 0.416 -
20-21 | 0.323 | o0.410 .
; 21-22 | 0.326 | 0.408
22-23 | 0.329 | 0.405 .

224 | 0.332 | 0.403 -

24-25 | 0,335 | 0.403 P

25-26 | 0.338 | 0.406 R

26=27 | 0,341.1 0.408 a N |

: 27-28 | 0.344 | 0.410
2829 | 0.347 | 0.413

29-30 | 0.350 | 0,417 ° , j
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performance. The computed hourly soil water contents for Adelanto loam were
compared with values measured on 9/20/73 thigh moisture) and 10/2/73 (low
moisture content); the measured dota are described in Sections 3.1 and B.2. In

the water balance mode!, potential evaporation was calculated as LE/L, where LE
is given in Appendix A and L is the latent heat of vaporization. Diurnal moisture
content changes at two depths are shown in Figure 15. These results indicate that the
layered evaporation model predicted moisture losses rather well even for small time
petiods, Since the evaporation mode! did not compute soil water movement, the
recharge during the night couid not be predicted. 1t should be noted that the evap=
oration process was simplified in that water was assumed to evaporate directly from
a given depth rather than to flow to the evaporation sites which may be confined to
a narrow zone in the soil (Hillel, 1971).

It should be noted that the valves of kj and Cij (Table 1, Equation 13) were
developed and the performance of the water balance model was tested primarily for
high potential evaporaiion values. The last two columns of Table 3 show that data
set TS1, which served as the basis for developing k.’s and C;j's, had approximately
the some evaporation levels as TS3 and somewhat higher than TS4. Since kj ond cij
coefficients have been derived empiricaily, their velidity for other potential evapo=
ration levels should not be assumed without appropriate testing. The excellent pre=
diction of water contents for T54 where potentia! evaporation was aimost twice s
much as for 751 suggests that the ki's and C,.'s derived here may be valid when
potential evaporation exceeds 0.5 cm/day. When the atmospheric evaporative
demand is low, however, less water would be lost from the soil, and consequently
even lower raftes of water flow (associated with lower moisture contents for a given
soil) would entirely satisfy the evaporative demand, Thus, at low potential evapo=
ration values, one would expect that the critical storage capacity fraction would
decrease from the 0.95 used in Eauation 13. Secondly, the low rates of water foss
might lead to a slower decrease of k. values with depth and consequently to a more
uniform profile soil moisture distribution, These hypotheses should be fested to
determine whether modifications of the Iayéred water balance model for low potential
evaporation levels are necessary. From the point of view of water loss to the
atmosphere, however, high evaporation conditions (where the present model appears

to perform satisfactorily) are of greater importance .
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Figure 15. Comparison of computed and measured soil water contents for wet ond dry soils,
caleulated using the layered water balance model .
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2.2.,2 Divrnal Soil Moisture Variations

Changes in soil wafer confent dealt with in the previous sections were

‘ average changes that occurred over a period of 24 hours, In this case, diurnal
ﬁ j fluctuations of soil femperature may be ignored in computing evaporation (Gardner
and Gardner, 1969) because of the periodicity of temperafure variations. In redlity,

however, sotl moisture may change considerably during the diurnal cycle, mainly
near the surface where the temperature gradienis are of meximum.

Field studies of diurnal moisture varictions have been rather limited, in part
due to the difficulties involved in accurately determining smal! moisture changes over
short fime periods. In fact, only two studies have been reported in the literature,
namely by Rose (1968 a,b) and by Jackson (1973) and Jackson et af. (1973, 1974).

Data collected during the latter series of experiments form the basis for the following

discussion; the experimental procedure is briefly deseribed in Appendix B, These data
have been analyzed by Jackson and his co~workers in terms of water flux; here we are
primarily interested in obsolute moisture levels.

Figure 16 shows hourly moisture content changes at three depths of wet soil
over a 24 hour period. Water content remained unchanged until sunrise and
then began to decrease ropidly. The moisture loss started earlier and proceeded af a
faster rate at locations closer to the surface. Jackson et al. (1973) atiributed the rapid
surface drying during moming hours to bidirectional movement of water: soil water from

the surface fo about 1 em moved upward, while that below 1 cm moved downward. In
the late afterncon, moisture recharge from deeper loyers exceeded evaporative loss and
the water content increased again, although it did not reach the morning level. Thus
there was a net loss in all three layers shown in Figure 1§ this net loss was approxi=
mated by the layered evaporation mode! (section 2.2.1). As the soil dried out, the
amplitude of diurnal moisiure changes was dampened (Figure 17) and the net loss ot any
depth during 24 hours decreased; as before, the amplitude was at maximum near the

surface. Furthermore, the recharge of the near surface layer continued until sunrise, -
i Data in Figure 16and 17 represent relatively simple patterns of moisture change: !
| moisture is highest before dawn, then decreases until late efternoon, and subsequently .

increases again until it levels off at some pre=dawn value. In general, however, these

changes are not so regular, especially at greater depths, Figure 18 shows diurnal

water confent changes at five different days for a drying Adelanto loam, It is apparent

i
that the above described pattern holds well for the top 1 e¢m layer during the entire |

!

i
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Figure 16. Diurnal soil water content changes, wet soil.
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period of measurements, For the greater depths, the main patiern of moisture changes
is poorly defined, portly due to the presence of higher frequency perturbations super=
imposed on the moisture vs. time curves. When the moisture content at a given depth
decreased below approximately 0,120 cm3/ cma, however, the regular pattern observed
in Figure 16 and 17 emerged, and the periurbations became minor (Figure 18); this
condition was reached prior to day 16 (depth 1-2 em), day 25 (2-3 cm), and day 37
(5=7 cm), respectively.

The dbove results indic ‘e that the tofal moisfure exchange (summed absolute
values of moisture gains and losses) generaily exceeds the effective moisture loss, i.e,
the difference between final {2400 hours) and initial (0000} moisture content; the
second quantity is equivalent to actual evaporation AEij (section 2,2,1), In Figure 19,
pairs of fotal moisture exchange and effective loss points for Adelanto loam are plotted
against the average daily moisture content; the values were determined from measurements
collected during seven days in two experiments (March, 1971; Septerrber, 1973). Total
exchange was calculated for four time periods: midnight to sunrise, sunrise to noon,
noon fo sunset, and sunset to midnight. Both effective loss and total exchange were
divided by the actual evaporation AEi to remove the effect of varying evaporative
demoand of the atmosphere. Af high moisture contents, total exchange was only slightly
greater than the effective loss. As the moisture content decreased, effective loss
decreased to zero while the folal exchange increased to more than half of the actual
evaporation AEE' When the effective loss for near surface layers is zero, the total
exchange should equal unity. This is not the case in Figure 19 because the 24=hour period
was subdivided into only four increments for which the total exchange wos determined;
thus the total exchange values should actually be higher than shown in Figure 19,
The negative loss values {i.e., moisture increase over a 24=hour period) were measured
on day 16 (3 values) and day 37 (1 value); they could be real or due fo errors in recding
off moisture contents from Figure 18, as very small quantities of water were involved.

Figures 16 through 19show that the diumal change in moisture can be corsiderable
depending on the depth and mean moisture level at that depth. To obtain some idea
about the ranges of values involved, the average daily moisture was plofted against the
maximum and the minimum moisture contents during that day at a given depth (Figure 20),
These data were taken from the same sources as those for Figure 19 and thus represent
reasoncbly extreme conditions in terms of o large atmospheric evaporative demand. They
may therefore serve ¢s an indication of an upper limii of diurnal moisture fluctuations
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Figure 19. Diurnal effective loss and total exchange of soil water as functions

of mean daily soil water content.
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necr the surface of a bare soil. The variation was large for depths smaller than 1 cm

but decreased rapidly at greater depths; for the 0=0.5 cm layer, the range wos as

high as 0,135 cm“/cm”. Daily moisture ranges for the same data are plotted in

Figure 21, Except for one anomalously low value (0 em; 9/20/73), the trend wes
consistent: maximum range of moistures was observed at or near the surface; (i) with
decreasing soil moisture, the range decreased faster af greater depths than at the surface;
and (ii1) the range became small for depths greater than 4 em. Typical maximum values
of the diurnal moisture range appeared to be 0.125 <, 3/ cm® for 0-0.5 cm , 0.06 cm3/ cm®
for 0~1 em, and 0.02 cm/cm® for a depth of 4 to 5 cm.

2.3 SUBSURFACE MOISTURE REGIME )

The layered water balance model developed and tested in section 2.2, 1 accounted
for soil moisture changes in the top 30 cm only. There were several reasons for this
restriction. First, it was assumed that the dynamics of the moisture regime of a bare soil
is greatly attenuated at depths greater than 30 em. Secondly, soil water present n=ar
the surface has o more direct effect on microwave radiation as well as on the exchange
processes between atmosphere and soil, both mass {e.g., infiltration, evaporation) and
energy (latent heat). Thirdly , the depth=of=peneiration limitations of microwave sensors
render the upper part of the seil profile most suitable for microwave remote sensing.
Nevertheless, there are activities in which moisture content of the deeper layers is of
importance; examples are crop production and ground water recharge. For such purposes,
o method of soil moisture determination over large arecs would be expected to yield
information about water content status of deeper layers, in addition to these for the
upper portion of the soil profile. A

The purpose of this section is twofold:s (i) to determine whether substantial
differences in soil moisture dynamics exist between 0=30 em layer (hereafter "upper
zone") and the layer below 30 em ("lower zone"), thereby justifying their seporation
in the previous sections; (ii) to examire the main features of the subsurface moisture
regime and establish a relation between moisture regimes of the two zones which could-
serve for estimation of moisture content of the subsurface zone without direct sampling.
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Figure 21. Maximum daily soil water content range versus the mean daily soil
water content at several depths.
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The following discussion is based primarily on field soil water content measure=
ments. The experiment during which the data were collected is described in Appendix
B. The data represent one soil only, Eudora silt loam. While two complete sets of
tensiometers {51 and S2) were installed in this soil, the data were nof averoged because
it was found that small differences existed between $S1 and S2 which could obscure
subtle trends otherwise cbservable in both sets. Figure 22 shows the relationship between
moisture contents simultaneocusly determined by the gravimetric and tensiometric methods.
From the total of 32 measurements; 16 were within 0.01 cm /cm3 from the 1: 1 line,

11 within 0.02 em /cm3 , and 5 within 0,03 cm /cms. Since most of the gravimetric
measurements include some uncertainty (the upper zone data have been discussed in
section 2,2.1.2), the correspondence between the two methods of measurements can
be considered satisfactory., More importantly, the tensiomeirically acquired moisture
measurements appear to have accurafely responded o small changes in profile moisture

conditions (refer to Figure 28),

2.3.1 Soil Moisture Profile Dynamics

Changes in soil moisture content oczcur as a result of flow, and flow in the soil
is proportional to hydraulic conductivity and potential gradient according to Equation

(15) for one=dimensional flow

8z, . _d dod d K(&
8 ((Szrl‘) = ~5 (K (9) = )+ dz) (15)

where 6 = moisture content, in cm / cm3;
K(@) = hydraulic conduchvuty, in cm / cm / min;

@ = pressure hie
zZ = |sl'ance rom I"I‘\ rg"erence level, in cm;
t = time in minuies.

Since the potentia! gradiznt dd/dz is determined primarily by the differences in matric
suction, changes of fensiometric values (which are a measure of matric suction) may be
used as an indicator of the potential of soil moisture to change. Figure 23 shows the
highest (8/30/73) and lowest {9/27/73) values of moisture tension recorded during the
period of measuremenis. The highest values were recorded ofter two weeks practically
without rain during which the potential evaporation averaged 0.566 cm/doy. The
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Figure 22, Relationship between soil moistures determined by gravimetric and tensiometric

methods.
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A. Maximum, minimum, and range cof soil water tensions measuyed
during the experimental period.
B. Soil water contents corresponding to the tensions in A,

57




lowest values were measured after five days of precipitation with a total rainfall of
17 .27 em (Figure 24). For the dry condition, tension was 386 cm at the depth of 10 em,
but decreased rapidly to 40 cm and more slowly at greater depths. Following the large
rainfalls, tensions were low between 10 cm and 40 cm, and then increased siowly,
The reason for increase in moisture tension at 100 cm depth is nof clear, especially
because it occurred consistently throughout the period of measurements, Differences
between the maximum and the minimum recorded tensions are plotted as the third curve in
Figure 23A. The range of tensions encountered during the experiment decreased
monotonically with depth, although changes in slopes of the difference curve can be
noted at 25 cm and 85 cm,

Moisture content change in time is o funciion of both potential gradient
(and therefore moisture tension differences) and hydraulic conductivity. The hydraulic
conductivity dependence explains why the tension difference curve {Figure 23A) changed
gradually with depth while the moisture difference curve (Figure 23B) decreased abruptly
between 25 and 40 cm. The picwed layer consisted of loosely packed coarse silt loam
with a bulk density increasing with depth from 1.15 g,/cm3 to 1.37 g/cms, while the lay=-

er between 40cm and 55 ¢m had finer texture (Figure 25) and higher bulk density (1.47 g/ cm3

to 1.37 o/ cm3). These differences, probably due to either management practices or
local depositional pattern of the floodplain sediments, may have been the cause of
different conductivity values, Hydraulic conductivity data are not available here; however,
the differences in hydraulic properties are also reflected in moisture characteristic curves
which are shown (Figure 25) for depths of 10 em, 25 em, 40 cm, and 55 cm, For the

10 and 25 cm curves, a smail change in moisture fension between 100 cm and 400 cm
results in a large change of soil moisture content; the same tension change will cause o
much smaller moisture shift ot 40 or 55 cm. The above considerations suggest that while
tension gradients similar fo these in Figure 23A may develop in more than one soil in a
given area (due to their partial response to afmospheric evaporative demand), moisture
contents in these soils can be quite different. The same is true for different depths in
one profile. For example, tension vatues on 9/27/73 were identical at 40 ¢m and

55 cm (Figure 23A) but the moisture conteni at 40 cm was 0,047 cm3/ cm3 higher than
that at 55 cm (Figure 23B). Similarly, whereas the moisture tension decreased almost
uniformly with depth below 55 ¢cm, moisture contents decreased until 100 cm depth and
then increased. In other words, moisture profiles in the soil may be expected to be
nonuniform, particularly when the soil heterogeneity existing under natural conditions

is tdcen into consideration.

58

i
R
:
E
;
L
]
B

TR ol Ot MRS |

R . L.
Mh‘L..,\;.&_;:.Jv..,..“.i._w:.:;I.a;-.:;;'s.z-.‘ i N ik S R

T
P WO AT A )

riai




IR T e

T R R T T T

6%

o o
I T

Rainfall, cm

N
1

0 ' N A1 lll.J”: 11 NY '. !

1 10 20 30 10 20 30 10 20
August September October
1973

Figure 24. Precipitation history for the Eudora site and the experimental period, 1973.

30

>
November

-



R R FATYG LN TIUEL E b e e e e i ki i e i

09

1000 o e U 4

-
=
T
o
®
1

Soil: Eudora Silt Loam
Depth Particle Size Distribution (%)

(cm) Sand Silt Clay
o 10 28.4 60.5 1.1
® 25 29.4 59.5 11.1 ov A

Y 40 2.8 3.4 23.8

® 55 24 156 | 221 e e

0.1 0.2 0.3 0.4 0.5
Soil Water Content, cm3/cm?

Soil Water Tension, cm

10

Figure 25. Moisture characteristic of Eudora silt loam of four depths,

b

—_



k

PR S hLE ORI S A
]

—r—

A further illustration of the differences in moisture dynamics between the upper
and lower zone is given in Figure 26 which shows the total amount of water in the
0-32.5 cm layer and 32,5-152.5 cm layer as a function of time, The values were
computed from measured moisture contents and the censtant layer thickness of 15 cm;
moisture content near the surface wes estimated from the moisture gradient between 10
and 25 cm. The upper zone was depleted faster during rainless periods (e.g., 8/12/73
to 8/30/73) than the lower zone. However, larger fluctuations in the upper zone
water storage were caused by rainfall as is evident by comparing the two curves (Figure
26) for the period between 8/31/73 and 9/22/73. During this period, the generally
low rainfall amounis (Figure 24) did not infiltrate into the lower zone, The maximum
range of water storage in the upper zone during the 8/12/73 to 9/22/73 period wos
2,085 cm which represented about 25% of the mean storage value; equivalent figures
for the lower zone are 0.960 cm and 3%.

From dafa presented in Figure 23 and 26 it is evident that soil moisture in the
upper zone changed more often and reached more extreme values than that in the lower
zone; in addition, a sharp break in intensity of these changes occurred between 25 and
40 cm below the surface. Precipitation amounts were identified as one recsson, Figure
27 shows the depth of penefration as a function of the precipitation amount; the least
square second=order polynomial curve indicates that a daily rainfall of 1.27 cm or
less would not penetrate below 30 cm. During the 10é~day long experimental period,
33 days with precipitation above 0.0254 cm were recorded in Lawrence, Kansas, with
a total of 48.92 cm; this yields an average daily rainfall of 1.48 cm, ond a correspond-
ing depth of penetration of 34.8 cm. Consequently, even during this unusually wet
period the precipitation amounts were not large enough; on the average, to significantly
affect moisture contents in the lower zone.

The second reason behind differences in soil moisture dynamics is evaporative
loss of water to the atmosphere, The sharp break in the moisture difference curve
(Figure 23B) indicates that the evoporation loss was small af the depth of 40 em. A
further approximation of the lower zone contribution to actual evaporation was obtained
by the following procedure based on the water balance technique:

(i) calevlation, for a rainless period 8/ 14/73 through 8/30/73, of daily

drainage out of the soil profile (i.e., below the lower zone) from
Equation (6);

(ii) caleulation of total daily loss of water from the lower zone (32.5 cm

to 152,5 cm) only,
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Figure 26. Total water content in the upper and lower zones as o function of time.
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_ Results of (i) and (ii) are plofted for corresponding days in Figure 28, If the
evaporation confribution from the lower zone were zero, the points should fail on
the 1:1 line. However, most of the points are located above the line, suggesting
that some water from the lower zone moved toward the surface and wes lost through
evaporation; the scatter of points precluded a relioble estimation of the proportion
of actual evaporation. It should be noted that some points are not shown on Figure
28 because their coordinates were foo large for the scale shown.

It may be argued that the small evaporation contribution from the lower zone ;
was caused by the fine=textured layer at depths 4055 cm which resiricted water :
movement. However, Jackson's (1973) data also show that for the firsi 16 days
_ (March, 1971) and 7 days (July, 1970) after irrigation with 10 cm of water, an average

of 55% of evaporated water originated in the top 2 ¢m of the Adelanto locam (deep,

fairly uniform soil), Furthermore, layers with reduced capability to conduct water are
common in agricultural fields (Baver et al,., 1972), Trouse and Baver (1965) found

that almost every agricultural implement created compacted layers under moist condi=
tions which decrease the rate of water movement through the soil. Consequently, the

conclusions arrived at for Eudore silt loom appear valid for a wider class of soils.

2.3.2 Moisture Changes in the Lower Zone k

) Since evaporation loss from the lower zone is relatively small, the only
| components which enter the water balance equation (Equation (7)) for the lower

zone, in addition fo initial water storage, are precipitation which infiltrates through

the upper zone, and drainage which escapes below the terminal depth of the soil profile. ;

Precipitation is the main source of variations of the moisture stotus in the lower zcne;

consequently , the depth-time changes in soil water content following rainfall were

of main interest here. _
During a rainless period, moisture losses in the lower zone occur but are small;

these losses are mainly due to drainage below the terminal depth. Figure29 shows three
moisture profiles for an almost rainiess period between 8/20/73 and 8/30/73. Moisture
decrease at depths below 40 cm was less than 0,01 cm3/ em® for this 11=day period,

while the upper zone was loosing water continuously. Precipitation on 8/31/73
(3.27 cm) and 92/73 (0.78 cm) raised moisture conient up to a 40~cm depth by
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9/2/73 but lower depths remained unchanged. Between 9/2/73 and 9/6/73, moisture g
decreased rapidly above 25 em, slowly between 25 and 40 ¢m, and increased some=
what at greater depths as a result of water redistribution from the upper layers; this

increase was largest at 55 em and smaller below, but it did not exceed 0.010 cm®/

cms. The left part of Figure 29 shows moisture changes ot individual depths between

the dates mentioned. It is apparent that most of the moisture dynamics was confined

to the upper zone and a few days after the rainfall,

Whereas the small rainfall reached only to a depth of 40 cm, < farge precipi~
tation on 10/11/73 (8.61 cm) penetrated through and increased moisture at all depths
(Figbre 30). However, more than half of this newly acquired moisture was lest through
drainoge during the next three days (left part of Figure 30), On 10/20/73, lower
zone moistures were of the levels of 10/6/73, i.e., prior to the large precipitation,

The rate of moisture decrease further declined as is apparent from curves for the periods
10/16 to 10/20 and 10/20 to 10/31. On 10/31/73, the amount of water in the lower
zone reached a level typical for prolonged rainless periods (Figure29}.

These results thus suggest that after the lower zone moisture content was increased
through precipitation, water was rapidly redistributed fo greater depths or lost out of
the profile; the process was most intense after the addition of water and less so as the
time progressed. Furthermore, the moisture contents tended to assymptotically appreach
a relatively stable vertical distribution in the profile; once this condition was :zached, :
the lower zone moisture changed only slowly.

Richards et al. (1956) conducted an experiment on Pachappo sandy loam the
results of which support the above conclusions. They measured moisture content changes
in the 0 to 50 cm layer for 60 days after an initial irrigation by 45 cm of water. Curves
in Figure 31 were generated from equations derived by Richards et o, (1956). The curves i
show that moisture loss was greatest near the surface (due to evaporation) and shortly
after irrigation but decreased exponentially with time. After 20 days, the loss ot
depths greater than 30 cm was less than 0,0015 cm3/ cm3/ doy. The exponential
decay type-relationship for moisture loss due o drainage wes also confirmed by
Wilcox (1959) and Ogata and Richards (1957); evaporation was exciuded in these

studies.
The conclusions regarding rapid redistribution rate and establishment of an

Virainras  Ghahe iy v

assymptotical vertical moisture distribution are valid only if sufficient amount of
water is available initially and provided that water movement in the soil is nof
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Figure 30. Soil water content (right-hand side) and soil water confent changes (lefi~hand side)

Eudora Silt Loam

before and after a rainfall of 8.61 cm (10/11/73).
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appreciably inhibited, In that case, soil releases all water which it cannot retain,
However, in many situations, soil is capable of retaining more water than is available.
An example is water depletion by plants. Figure 32 presents average monthly soil
moisture storage for four geographic locations (Mather, 1964) computed according to
the climatic water balance technique of Thornthwaite and Mather (1957); the
computkations assumed soil moisture storage of 30 cm, At three of the four locations,
the soil water is not replenished during the entire yeor. If water were supplied here,
it would not be completely released as drainage unfil the soil storage capacity is
replenished. In one case (Topeka), the 7noisture storage is full for four months and in
this period the conclusions reached previously would apply. Secondly, the data
referred to in this section were measured in soil profiles with apparently high hydraulic
conductivity which facilitated rapid movement of water. The rate of response to preci~
pitation would be slower in the case of soils with low conductivities,e.g. clays. These
considerations are imporftant becouse they place restrictions on the algorithms that

might be designed to estimate the actual moisture storage of the lower zone.
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CHAPTER 3,
SOIL TEMPERATURE REGIME

Temperature of a bare soil is a result of interactions of numerous variables,
both external and internal to the soil profile. Because of its importance fo mass and
energy 2xchange near the eorth's surface, soil temperature and its changes with these
variables have been studied extensively by soil physicists, meteorologists, climatologists,
civil enginears, and others. For example, Willis (1964) listed 1,152 references dealing
with soil temperature. More recently, altempts have been made to combine the various
kinds of information into simulation models. If the estoblished concepts are correct,
computed temperatures should agree with the measured ones. Once the validity of a
mode| is established, the model may be used to piedict the effect of changing various
parametess, environmental conditions, efc., wherees if would be very difficult to
collect equivalent data experimentally.

Soil temperature changes with time are described by the diffusion equation, and
the analytical opproach to soil temperature modeling has been based on simplified  so-
futions of this equation. Several examples of this type were given by vanWijk (1963) van Wijk
and de Vries (1963), and van Wijk and Derksen (1963). These solutions hold for cases
in which soil is homogeneous and boundary conditions can be described analytically,
Under natural conditions, however, soil thermol properties vary with depth and the
upper boundary condition (surface temperature) changes may deviate from ananalytical
function. For these reasons, numerical modeling has been attempted os computers became

available; its advantage is that the two above restrictions are no longer necessary.

Numerical models involving soil temperature have been employad by soil
physicisis (Wierenga et al., 1969; Wierenga and de Wit, 1970; Hanks et al., 197};
Westcot and Wierenga, 1974), and meteoroiogists or climatologists (Effimova and -
Tsitsenko, 1963; Myrup, 1969 Outcalt, 1972; Foster, 1972; Foster and Fye, 1973;
Dyer, 1974). The former studies are of limited interest here because they use a
measured upper boundary condition, usually 1 em or so selow the surface. In conirast,
the latter models compute surface soil temperature and then use it as a boundary condi=~
tion for the heat wave propagation below the surface. Most of the dbove meteorological
models compute surface temperature from the energy balance equation; differences exist

in the assumptions made and inpuf parameters.
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To determine the magnifudes of bare soil femperaiure fluctuations under various ;
conditions, a numerical model of soil temperature was prepared (Appendix A); it 2
: followed, in its general features, the model developed by W. D. Sellers and described
b by Foster (1972).
: 3.1 SOIL TEMPERATURE MODEL AND ITS PERFORMANCE
% The energy balance equation for the soil surface can be written as
= 16
: Ry = H + LE + G. (16)
% RN is net radiation and consists of absorbed solar (shortwave) radiation and absorbed long- f
% wave atmospheric emission minus thermal infrared radiation emitted by the soil surface.
% H and LE are sensible and latent heat terms, and G is soil heat flux. All terms in ,;
; Eauation (16) can be positive or negative. If the cerodynaomic concept is used to : ;
J . compute H and LE, an analytical solution of the diffusion equation to compute G, and ' :
i semiempirical equations to calculate the components of Rpye soil surface temperature T, %
g can be found using Equation (17): j
3
E' y - - - ﬂ
B =T, ¢ f:a +C(.Ez +CC5 +CC7 ’ (17)
‘g i s a 177377476
- where ! 4
: _ 4 s
: C} = 4egT o ’ i
C,=¢ (1 = kn) (0.165 = 0.000762 RH) , -

- g 2

0.38688 L° Dae

o C, = T3 = r

N oo

; c - 0.622L D a (esa - ez) |
. 5 RT ; S
- ° 12 %
_t Ce= 0.7071 (ACw)Z (14 V),

o /2 - Ta T

C,=0.7071 (A Cuw) " (T =T + =% ,
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and:
Sq = absorbed solar radiation, in ly/min;
T, = air temperature, in °C;
0 = Stefan=Boltzman constant, o = 8,17 « 10-” ly/min ,/°Kd§
€ = infrared emissivity of the soil, dimensionless;
n = cloud cover in tenths, dimensionless;
k = parameter varying with cloud type, given by Sellers (1965, p. 58);
p = air pressure, in mb;
Cp= specific heat of air, in cal/g/oK;
D = transfer coefficient, in cm/min;
R =gaos constant, R = 2870.4 mbcma/ °K/g;

= latent heat of vaporization, in cal/g;

L
a = AE/PE ratio, dimensionless;
a

«a saturation vapor pressure of To ; in mb;

e, = actual vapor pressure at the height of wind speed meosurements; in mb;

@ = angular frequency, in radians per time increment of soil temperature
calculation;

C = soil heat capacity, in cul/cms/oc;

A = soil thermal conductivity, in cal/em/sec/°C;

'I: = average day soil surface temperature, in °C;

Th = soil surface temperature for the previous time increment, in °c. .

The derivation of Equation (17) is given in Appendix A,
Assuming horizontal uniformity and heat transfer by conduction, the temperature

change with time t ot depth z, T(z,t), is described by

b d £
6T<(SZ,;) = 13 (DI(Z)(S_T_GKEJ_)_)' (18)
where D' (é) = appoarent thermal diffusivity in cmz/ min. The computer program incorporaf=
ing Equation (17) and the finite difference form of Equation (18) is also described in
Appendix A,

Before the mode! can be used to simulate soil femperature variations under
various conditions, its performance must be tested to ascertain its correspondence to

reality. Two sets of profile soil temperatures measured over @ 24 hour period* were used

*Courtesy of Dr. S, B. Idso, U. S. Water Conservation Laboratory, Pheenix, Arizona.
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for this purpose; the experimental procedure used for their acquisition is described

in Appendix B. Table 10 gives values of bulk density, field capacity, initial
moisture content and soil temperature for both sets; it should be noted that bulk
densities below 10 em and soil moisture below 30 cm were assumed as no direct mea=
surements were available, Field capocity was taken as moisture content at 110 cm
tension (Jackson, 1973), and the value for 0-2 cm was reduced by 0.9 (see Section
2.2.1). Additional variables for both test runs are listed in Table 11.

The correspondence between computed and measured soil temperatures for the
9/20/73 set (wet soil) is shown in Figure 33 and 34. Calculated surface temperatures
followed the mecsured values fairly closely, although a systematic shift occurred: the
computed surface temperatures increased and decreased more slowly than the measured
ones (Figure 33). The difference was greatest at 1600 hours (3.5°C) but decreased to
small values during night hours. The diurnal variation of computed and measured
temperatures at 5 cm, 10 cm, and 20 cm (Figure 34) also indicates reasonable
predictive accuracy of the model. At all depths, however, the predicted diurnal
temperature amplitude was greater than the measured one,

Comparison of computed and meosured soil temperatures for dry soil (10/02/73)
revealed similar resuits (Figures 33, 35). Surface temperature was predicted accurately
until the moximum value at 1300 hours, but it decreased more slowly thon measured
temperatures between 1300 and 2000. Subsurface predicted temperatures also followed
the measured values until approximately 1300, after which the difference between the
two increased.

Results shown in Figures 33 through 35 suggest that the accuracy of soil femperature
prediction differed somewhat for surface and subsurface temperatures. The lag in surface
femperatures of the wet soil (Figure 33) during the morning hours couvid be due to the
latent heat; this possibility is enhanced by the differences being negligible for the
dry soil case (Figure 33). Similarly, on error in predicting the latent heat term could
be responsible for the lag of computed surface temperatures in the afternoon; note that
on 10/02/73 for example, the moisture loss proceeded faster than the model predicted,
thereby leaving less heat for warming the soil (depth 2 cm, time 1300 hours to 1800 hours,
Figure 15), In general, however, surface soil temperatures were predicied with good
accuracy os the above mentioned differences were not large. In the case of subsurface
temperatures, diurnal temperature omplitude was consistently larger, indicating thot
the computed heat conduction into the soil was too high, The apparent thermal
diffusivity employed in computing femperature changes from Equation (18) was
defermined using thermal conductivity calculated from de Vries' (1963) model, and a
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Table 10. Bulk density, field capacity, initial soil moisture, and initial soit
temperature profiles for two soil temperature data sets used for @
soil temperature simulation modei testing.
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9/20/73 & 10/02/73 9/20/73 10/02/73
Depth  {Bulk Field Moisture |Tempera— |Tempera- Moisrure Tempera~
(cm) density | capacity ture* ture** ture

emd) |em¥emd) |em¥emd| CC) | ©C)  |em¥emI]| (CO)
2 1.43 0.275 0.275 | 21.3 20.2 0.087 | 21.8
4 1.49 0.305 0.279 | 22.7 21.4 0.156 | 23.9
6 1.50 0.305 0.281 { 23.8 22.6 0.186 | 24.8
8 1.51 0.305 0.282 | 24,6 23.6 0.199 | 25.7
10 1.52 0.305 0.284 | 25.4 24,6 0,208 { 26.3
12 1.52 0.305 0.286 26.0 25.4 0.213 26,9
14 1.52 0.305 0.286 | 26.6 26.1 0.219 | 27.4
16 1.52 0.305 0.286 | 27.0 26.7 0.222 | 27.8
18 1.52 0.305 | 0.287 | 27.4 27.2 0.223 | 28.0
20 1.52 0.305 0.286 | 27.8 27.6 0.225 | 28.2
22 1.52 0.305 0.284 | 28.1 27.9 0.230 | 28.3
24 1.52 0.305 0.281 | 28.4 28.2 0.233 | 28.3
26 1.52 0.305 0.277 | 28.6 28.4 0.236 | 28.3
28 1.52 0.305 0.271 | 28.7 28.6 0.239 | 28.1
30 1.52 0.305 0.264 | 28.8 28.7 0.240 | 28.2
32 1.52 0.305 0.258 | 28.9 28.8 0.240 | 28.1
34 1.52 0.305 | 0.255 | 29.0 28.9 0.240 | 28.1
36 1.52 0.305 0.251 | 29.1° | 29.0 0.240 | 28.0
38 1.52 0.305 0.245 | 29.3 29.1 0.240 | 28.0
40 1.52 0.305 0.240 | 29.3 29.2 0.240 | 28.0
42 1.52 0.305 0.234 | 29.5 29.3 0.240 | 27.9
44 1.52 0.305 0.228 | 29.6 29.4 0.240 | 27.9
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Table 10. Bulk density, field capacity, initial soii moisture, and initicl soil
{Continued) temperature profiles for two soil femperature data sets used for a
soil temperature simulation model testing.

o

S

9/20/73 & 10/02/73 9/20/73 10/02/73
Depth  (Bulk Field Moisture |Tempera= |Tempera= { Moisture |Tempera=
(cm) density | capocity ture* ture™* fure
(g/cms) (/. emd) (cm/ em)|  (C) (°C) (cm3/c.m% °cC)
46 1.52 0.305 0.223 | 29.7 29.5 0.240 27.9
48 1.52 0.305 0.220 29.9 29.6 0.240 27.9
50 1.52 0.305 0.220 30.0 29,4 (;,240 27 .9
52 1.52 0.305 0.220 30.1 29,9° 0,240 27.9
54 1.52 | 0,305 0.220 | 30.2 30.1 | 0.240 27.9
56 1.52 0.305 0.220 30.3 30.2 0.240 28.0
58 1.52 0.305 0.220 30.5 30.4 0.240 26.0
6C 1.52 0,305 0,220 30.6 30.6 0.240 2€.1
62 1.52 0.305 0.220 30.7 30.7 0.240 28.1
64 1.52 0.305 0.220 30.8 30.7 0.24¢C 28.1
66 1.52 0.305 0.220 30.9 31.1 0.240 28.1
68 1.52 0.305 0.220 31.0 31.3 0.240 28.1
70 1.52 0.305 0.220 31.1 31.5 . 0.240 28.1
Note:

*
Meuasured vales.

&%
Values computed by starting with a constant soil temperature with depth, and
then computing successive iterations wntil the temperatures ai depth 0 em and

70 cm at 24

L rerdt e A e R i 0 St Dt L e e L % R

00 hrs, differed by less than 0.1°C for two adjacent diurna! runs.
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Table 11. Operational parameters for the soil temperature simulation model.
Data  Set
Parameter Hypothetical
9/20/73 10/2/73
HMP* LMP*
PERL 10 min. 10 min. 10 min, 10 min.
DT 2.5 min. 2.5 min. 2.5 min. 2.5 min.
Number o, layers 35 35 35 35
Anemometer height 60 cm 60 cm 240 cm 240 cm
Roughness length 0.003 cm 0.003 ecm 0.5 em 0.5 cm
Previous day average 27°C 25°C 26.2°C 28.6°C
surface temperature
Previous hour surface 21°¢ 18°C
temperafure
Emissivity of the soil 0.90 0.90 0.90 0.90

*HMP (LMP) = high (low) moisture confent profile
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Figure 33. Comparison of computed and measured surface soil temperatures for dry ond
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simple formula was used for estimoting heat capacity (see Appendix A), Both of
these methods have previously been found to yield satisfactory results (Hanks et al,,
1971; Wierenga et al., 1969; de Vries, 1963). The thermal diffusivities generaied in
this manner for the dry soil case ranged from 0,353 cmZ/min. ot 2 cm depth to 0,410
cm2/ min at 10 cm. Considering the relatively high bulk densities of Adelanto loom
(Table 10), these values are consistent with those determined by Wierenga et al .
(1969} s well as those used by Hanks et al. (1971) for similar conditions. To estimate
what the diffusivity should be in order for the computed temperatures to follow the
measured ones, an "effective" thermal diffusivity & was computed from the dry soil

data using an omplitude equation (Wierenga et al., 196%9):

22 - Z
e = 0,002182 ( i

1 2
- (A1/A2)) (19)

where A4 (AZ) is the amplitude of the diurnal temperature wave at depth z‘(zz). The

following results were obtained:

2 (cm) 0 1 2 3 4 5 10 o 0

Z, (cm) 1 2 3 4 5 10 20 5 10

A](°C) 39.5 29.1 23.2 19.3 17.1 15.2 10.5 39.5 39,5

oe(cmz/min) 0.0234 0.0425 0.0644 0.1490 0.1573 0.3986 0.2738 0,0598 0.1243

The computed diffusivities in the 0~5 cm layer are unusual ly low, For example, assuming
heat capacity of 0.35 cal/cms/oc, a diffusivity of 0.0598 cmz/min (depth 0 to 5 cm)
means that the apparent thermal conductivity would have fo be 3.49 x 1074 cal/cm/sec/
C; this value s 60 times smaller than the thermal conductivity of quartz at 10°C given
by de Vries (1963). Some of the discrepancy is probably due to the fact that Equation
(19} assumes constant diffusivity with depth. Considering the dry soil vertical moisture

distribution (from approximately 0.02 cm3/ em ot 0 cm to 0.17 cma/ em® ot 5 cm),
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this assumption was clearly violated, Nevertheless, the rapid decrease in the
temperature wave amplitudes with depth indicates that heat penefration into deeper
layers was strongly attenuated. If heat transfer is assumed to have occurred by -
conduction only (as described by Equation (18)), then the above observations imply
that the computed therma. diffusivities must be reduced in order to achieve satisfactory
correspondence between computed and measured temperature values. Consequently,
the thermal conductivities computed from de Vries' (1963) mode! were mulitiplied by 0.3
in the dry soil case, while no correction was applied fo wet soil computations. Figure
34 shows that the reduction was adequate for the period of low heat load only. This
suggests that other processes may not have been sufficiently accounted for, e.g. latent
heat less,

In spite of these discrepancies, the prediction of the soil tfemperatures was
reasonably satisfactery, the computed valyes for most time/depth/moisture combinations
being within 1.5°C of the mecsured valves. In the following sections, these discrepancies
will be of minor importance because relative changes in soi! temperatyre will be of

primary inferest,

3.2 DIURNAL SOIL TEMPERATURE CHANGES

The soil temperature simulation mode! described and tested in the previous section
can now be used o estimate the effect of impr;rtunt environmental variables on soil
temperature. Since changes in soil temperatures ranging from very small to very large
can be caused by numerous paramefers, some resfrictions must be imposed to make the
analysis manageable. Consequently, the problem here is limited to estimating probable

"average maximum" variations of bare soil temperatures for mid-latitudes.
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From the many parameters related to diurnal soil temperature variations, the
following are of major imporfance: moisture content, time of day, zenith angle ar
solar noon, and depth. Clear sky is assumed because then extreme temperctures can
be reached. To render results of this analysis more representative, hypothetical

: experimental cond itions were defined as follows: !

(iy The hypothetical bare field was located near Topeka, Kansas. .
The site had three surface configurations:
slope 0%
slope 30% aspect +90°, i.e. facing West; E

slope 30% aspect -90°, i.e. facing Ecst.

B N R T AU N LI IS Y

Roughness length was taken as 0,5 em, o value intermediate between
0.03 ¢m given by Pasquill (1962) for level desert and 2,1 em for fallow
field (van Wijk and Borghorst, 1963). As will become apparent later,
-choice of another roughness length would result in somewhat different
temperatures.,
(ii) The experiment took plaze around July 20 when solar declination was .
20.85°N,
{(ifi) Hourly values of screen height air temperature, wind speed, and

I R e R P RN

relative humidity were obtained by averaging observations taken af
3-hour intervals during four clear sky days in July, 1973, at the
Topeka Weather Station (latitude 39°04'N, longitude 95°38'W,
altitude 267 m). Solar radiation was colculated (Appendix A) assuming
the coefficient of aimospheric transparency in Kasirow's equation »*
TC = 0.314 for the optical mass OM = 1.0. Under these conditions, !
total solar radiation was equal to 1.414 cal/ cmz/ min for a horizontal
surface at the solar noon. The same meteorological conditions were
assymed for both wet and dry soil.

(iv) Bulk density waos assumed fo be 1.25 g/ cm3 throughout the soil profile,

The soil mineral fraction was assumed to consist of 30% quartz and

70% other minerals. Thermal conductivity computed by the method

of de Vries (1963) was not reduced for the dry soil case, primarily because
the computations yielded thermal diffusivities comparable to those of Hanks
et al. (1971) and Wierengo et al.(1969) for equivalent conditions. Field
capacity was assumed equal to 0,300 cm3/ cm3 except for the top 2 cm where

it wos reduced bv a factor of 0.9 (see section 2,2.1). For the high moisture
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content profile (HMP), soil was considered o initially contain
0.300 cm3/cm3 throughout the profile. The dry profile (LMP)

i was derived by applying the layered water balance model to the
soil initially at field capacity; the LMP was taken as the moisture
profile after 20 days of drying without precipitation during which
potential evaporation was a constant of 0,575 em/day .

: {(v) Initial soil profile temperatures were derived by means of the soil

- temperature simulotion model, separately for HMP and LMP. Using
! the above conditions and an initially constant soil temperature,

iterrations were computed until temperatures at 2400 hours changed

I R TN S T

less than 0.1°C for depths 0 cm and 70 cm between successive

iterrations. The adequacy of this procedure was verified on the
| 9/20/73 data set (see Table 10),

Diurnal soil temperatures discussed below were computed during six different

N Rt TR R TE T ]

runs. The results are identified by three parameters, namely moisture condition (H =

high, L = low), slope (in degrees), and aspect (in degrees); for example, H/30/-90 . 4

refers to temperatures of soil with high moisture content, surfuce slope 30°, and surface
facing East.

o Figure 36 shows diurnal changes in surface soil temperature for the two moisture 4
F contents (H/0/0 and L/0/0) and roughness length 0.5 cm. Before dawn, surface 4
temperature of the wet soil was slightly higher, apparently due to higher heot
conduction from deeper layers (Figure 39, 40). Following sunrise, dry soil surface
temperafure increased much faster than that of the wet soil as a result of lower latent

heat expenditure. Maximum surface temperatures were reached approximately 80

minutes after solar noon in both cases which agrees with the observations of Idso et al.

e b

(1975). The surface t=mperature wave amplitude was doubled for dry soil compared to ' A

B R R R N P T,

wet soil . Soil moisture thus exerted a major effect on the daytime surface temperature.

However, Figure 36 suggests that this amplitude is also a function of surface roughness.

The pairs of curves were computed for identical conditions except for the roughness

n . length which was 0,50 ¢cm and 0.01 cm, respectively. As a consequence of smaller
E roughness, the surface temperature amplitudes increased by a factor of 1.5 for both
wet and dry soil, This difference was caused by lower turbulent transfer coefficient
D in the smooth case which decreased latent heat transfer. For example, for the wet .
soil, latent heat decreased from 516.6 ly/day (rough) to 376.0 ly/day (smooth).

> Surface temperature thus increased, in spite of an increase in sensible heat exchange
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Figure 36. Effect of soil moisture and surface roughness on the surface temperature
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(from -48.0 ly/day for rough surface to 26,9 ly/day for smooth surface). It should be
noted that the surface temperature computed by the mode! represents an "average" value
over the surface soil elements. Soil moisture content also affected soil temperatures af
greater depths; this is evident from Figure 37b and 38b which show temperatyres ot 10 cm,
With increasing surface temperature amplitude, the amplitudes at greater dupths also
increased, This occurred because the thermal diffusivity was not appreciably reduced
for the LMP (both thermal conductivity and thermal capacity decrecsed, resulting in o
small diffusivity change).

The effect of slope and aspect of soil surface is shown in Figure 37 for the dry
soil . As expected, surface temperature was highest for /30/=90during morning hours
and for L/30/90 in the afterncon; this was determined by the actual solar zenith angles
for individual surfaces. The daily maximum surface temperature increased somewhat as
the aspect changed from east to west, but the increase was small for LMP (Figure 37)
and negligible for HMP (Figure 38). These data suggest that the surface femperature
may vary considerably sfor example, surface tempetatures L /30/90 and 1/30/-90
differed by 13.3 °C af 0900 hours. The differences were somewhat lower in the after~
noon. The slope/aspect effect was smaller for the HMP (Figure 38) because of the lower
surface temperature amplitude but the trends were similar. In both cases, the differences
in surface tempetatures were propagated to greater depths (Figure 37,38).

The changing depth/time pattern is illustrated in Figure 39 (L/0/0) and Figure
40 (H/0/0). Between midnight and down, soil temperature increared almost tinearly to
20-30 cm and remained approximately constant at greater depths. Following sunrise,
surface femperature increased first and the heat wave began to penetrate to deeper layets,
After surface temperature started to decrease, the temperature profile had both concave
and convex porfions, causing heai transfer to proceed in two directions. This condition
was well developed by 1800 hours, and from then on soil temperature decreased. The
time/depth patterns for dry (Figure 39) and wet (Figure 40) soil were similar, the main
difference being temperature amplitudes at different depths. The amplitudes shown
in Figure 41 permit two chservations: (i) on the diurnal basis, soil tempetature changed
relatively little at depths below 30 em; and (ii) the amplitudes were doubled in the case
of dry soil.

Data for the above soil femperature simulation were chosen so as to represent
"average moximum" changes in bare soil temperature to be expected ai mid=lotitudes.
The good performance of the model in matching measured data suggesis that the simulated
results are representative for the chosen environment. Considering all factors that affect
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Figure 37. Temperature of a dry soil at the ;urfuce (A) and at 10 cm depth (B) as
affected by the surface configuration.
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surface temperature and magnifudes of the changes, it is apparent that it would be

quite difficult and impractical to predict bare soil temperature for small parts of an
extensive area, Such a prediction would be further complicated by variable ¢loud
covér. However, the accuracy to which soil temperature should be krown for micro=
wave remofe sensing of soil moisture is not cbvious at this point; therefore, this

question will be addressed again after the soil temperature data are analyzed in terms of
the microwave signal in Chapter 4.




| S

CHAPTER 4.

SOIL MOISTURE AND TEMPERATURE RFGIMES AS A FACTOR
1IN MICROWAVE REMOTE SENSING OFf SOIL WATER CONTENT

In the previous sections, the attention was focused on soil terr  -ature and
moisture regimes per se, without studying their implications regarding microwave
remote sensing of soil moisture. Mathematical models were employed to illustrate
major features of these regimes as well as to generate hypothetical sefs of data,

These models allowed examination of some features of the moisture and temperature
regimes under relatively extreme conditions. In addition, actual measurements
collected during various field moisiure experiments were analyzed to examine
particular aspects of the moisture regime. Results arrived at in the previous chapters
can now be evaluated from the viewpoint of the microwove method of remote sensing
of soil moisture. A microwave sensor designed for remote sensing of soil moisture
would operate in active (radar) or passive (radiometer) mode and at specified frequency,
incidence angle, and polarization. To render the analysis manageable, prite iry
attention is given here fo three frequencies (1.4 GHz, 4.0 GHz, 10,0 GHz; 1 GHz =
109 cycles/second), normal incidence (incidence angle 0%),end « passive system. The
frequencies were chosen for two reasons. First, dielect ic constent measurements

were available at 1.3 GHz, 4.0 GHz, and 10.0 GHz (Cihlar and Ulaby, 1974),
Secondly, the 1.4 to 10,0 GHz range encompasses mast of the recent experimental
studies (Ulaby, 1974; Ulaby ef al., 1974; Batlivala and Cihlar, 1975; and Newton

et al., 1974) and thus a microwave sensor for soil moisture sensing would likely

cover one or more of the infermediate frequencies. The discussion is limited to
normal incidence in order to simplify the analysis of polarization end angular effects.
As shown in Chapter 1, the ps;zssive (radiomelric) signal is directly influenced by both
temperature and moisiure of the soil; therefore, the possive mode was chosen here fo
llustrate the combined effecis of the previously discussed soil moisture and te' 1perature
regimes. In addition, a limited comparison is made hetween power reflection
coefficient {active case) and emissivity (passive cese) values computed independently
for identical soil moisture profiles, and the effect of soil temperatures on soil
dielectric constant {(and therefore direc*'y on power reflection coefficient and
emissivity) is illustrated for relaiively exireme conditions. More extensive analysis
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of the active case was limited by financial constraints as the power reflection
coefficient computations were rather costly. It should be emphasized that
aithough the above choice of mode or system parameters wes made with the
objective of accurately portraying the effects of soil moisture and temperature
regimes on the microwave signal, he choice was arbitrary and not intended to
imply optimum sensor design criteria,

The second problem addressed in this chapter was the possibility of estimat=
ing moisture content within the soil profile and over large gecgraphical areas. The
algerithm proposed in section 4.2 is based on the assumption that a microwave
remote sensor is available which yields near-surface soil moisture information on a
periodical basis. Again, the optimum sensor characteristics have not been dealt
with here, as an entirely different approach to the latter problem would be required.

4.1 _EFFECT OF SOIL MOISTURE AND TEMPERATURE REGIMES ON THE
BRIGHTNESS TEMPERATURE

According to Equation (2), the radiometric temperature T,q is a function of
soil emissivity € ol a given frequency, physical soil temperature T_, and of the
radiation T_ emitted by the upper hemisphere; T, consists of contributions by the
galexy (T gal ) and of the atmosphere (Tatm)' respectively. Since the microwave
energy measured by the radiometer is emitted af various depihs in the soil prior to
emerging above the surface, T_and  (Equation (2)) may be considered "effective"”
quantities describing the total soil effect on the microwave radiation. If T_and €
are constant with depth, then they will be equal to these effective quantities and the
brighinass temperature Tc can be readily determined. However, both moisture
(und therefore emissivity) and temperature vary with depth. Therefore, in order fo
determine the effective T_ and € values in this case, some kind of weighting as a
function of depth must be employed.

Burke and Paris (1974) described a model based on radiation transfer theory
which predicts brightness temperature over a bare soil, This model assumes that:

(i)  soil consists of a number of layers with smooth parallel interfaces

between adjacent layers;

(i) radiation is incoherent;
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(i1} there is no attenuation or emission between the surface and
the sensor;
(iv) the sky brightness is isotropic; and
(v) dielectric properties are constant across any given layer
of the soil.
If the soil consists of N layers (th layer has an infinite thickness), then brighiness
temperature immediofely above the surface measured at @ given frequency, polarization q

and look angle 9 is equal to

qu () = Z T (- exp Y, (0)Az)) (1 + Rq’m (8)exp (=¥.(8)AzZ)) -

i : i
._jl;l'l- (I‘qu(e»eXP(" 2;‘; Yg_] (S)AZQ_] ) (20)

‘ 2wa ,(0) |
vi(8) = ——E ’ -
€ - g
azu - & ’ ’ j’f
28 zi ' ’
: 2 2 7:;,
s - (ki = sin™(8)) : - l k;' ) ?a'
: [ il
2 k! = sin“(9)
where i
| Az, = thickness of the i lcyer, in cm; 3
R_..(8) = power reflection coefficient for a given polarization ’
o q, layerj , and look angle 8, dimensionless;
"¢ =velocity of light, in cm/sac, ' .
o = angular frequency, Hz;
K =real part of the relative dielectric constant, dimensionless;
k" = imaginary part of the relative dielectric constant, dimensionless.
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A computer program written to compute Equation (20) was provided for the present
study.* The program was modified to fit data generated in Chapter 3 and expanded
so that the following parameters couid be calculated for each moisture/temperature .

profile combination:

_ Ty...(8)
Mbqj(e) _bai "7 21)

Ty, (0)
Tb .(8)
Aeqj{e)=—-—5-|~———- , (22) ]
T.
P ]
=
¢ (0)=2 Ae (o), 3) '
N :
m, = m. Tb . (0) ' (24)
€ =1 Th (0) 2
N
. _ m Ae . {0
Mg = Z e, (25)
Il €, (0)
q
*Courtesy of Dr. W. J. Burke, National Research Céuncil, Johnson Space
Center, Houston, Texas,
97




where ! :
qu = brightness temperature for polarization q immediately above :
the surface, in °K;
T g = brightness temperature coniribution of the jfh layer for

polarization q when it emerges above the soil surface;

Mgy = jth layer contribution to the total emissivity € ., dimensionless; |
& = total (i.e. "effective") emissivity of the soil, dimensionless; 1 .‘
my = sum of moisture contents of individual layers weighted by the .

contribution of individua!l layers to the total brightness
‘ 3, 3
temperature, in cm™/cm”;
m, =sum of moisture contents of individual layers weighted by the
contribution of each layer to the total emissivity, in cm3/ cm';

mj = volumetric water content of the jrh layer, in cm3/cm .

Reasons for defining two different measures of equivalent moisture will become obvious

later. For the present, note that in the case of constant temperature and moisture

R T T

profiles with depth, my =mg.

Equations (20) through {25) were applied to soil moisture and temperature profiles
computed in Chapter 3 for the following combinations:

time: 0000, 0600, 1200, 1800, 2400 hours;

moisture; high (H), low (L) water content;

surface configuration (slope/aspect): 0/0, 30/90, 30/-90;

frequency: 1.4 GHz, 4.0 GHz, 10.0 GHz,

AT P bt TS

Throughout section 4.1, it should be kepf in mind that the moisture/temperature

profile pairs were generated assuming a clear=sky day, around July 20, and for
mid=latitudes. The above combinations therefore illusirate the divrnal (0000 to
2400 hrs) changes in moisiure and femperature to be expected under these condi-
tions for initially moist and initially dry soils, respectively. Tables 13 and 14

contain moisture and femperature profiles for H/0/0 and L/0/0 s the representative
combinations. Dieleciric constant values k' and k" were computed from polynomials i 1
(Table 12) based on data for loom provided by Cihlar and Ulaby (1974). The 1.3 GHz -
data given by Cihlar and Ulaby (1974) were considered representative of 1.4 GHz.
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Table 12. Polynomial coefficients for computing the real and imeginary paris
of the relative dielectric constant of a moist soil .*

B X et AR il Bt o i i b e S S L e

A Frequency Part Coefficiont

(GHz) a, a dy a3

© 1.3 Real (k') 3.611374 7.45875 137.3191 ~66.51187

g © Imaginary (k") | =0.010487 7.11036 ~12,07477 30,45856
4.0 Real 3.18690 -1.03203 163.3028 ~89.56088

Imaginary 0.112123 6.34419 18.2682 -18.18166
] 10.0 Real 2,38487 16.3802 83,2034 94,9502
' Imag "nary 0.23435 2.9045 63,4922 -68.01396

*the general equation is

k' or k" = ag + a;m + u2m2 + agm

- - L] 3
where m = volumeiric soil water content in cm‘?’/ cm .,
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Temperature dependence of k' and k" was not taken into account since most of the
experimental k' and k" data were obtained at 20°C. Values of Az, = 2.0 cm were
used for 1.4 GHz and 4.0 GHz while computations at 10.0 GHz were made with
Az, = 1.0 em to achieve better depth resolution, Although calculations were made
for Iook angles between 0° and 90°, only 0° results are discussed because here the
effect of soil temperature and moisture on brightness temperature is most explicit.
At this angle, brighimess temperatures for horizontal (Tbh) and vertice] (Tbv)
polarizations are equal and will be subsequently referred to as TB(O) . Furthermore,
eq(O) = €(0)= € , and Aeqj(O) = Aej in the following discussion.

Figure 42 shows diurnal Tb(O) changes for H/0/0 and L/0/0 af three
frequencies. The soil initially ot field capacity (Figure 42A) exhibited rapid
rise in the brightness temperature throughout the daytime but changes during fhe
night were small. Since soil temperatures at 0000 and 2400 hrs, were very similar af
ali depths (Table 14), the rise in Tb(O) must be aitributed to moisture loss due to
evaporation. The loss was smoll during nighttime (Table 13) which explains the
low brightness temperature change. This statement is further supported by the L/0/0
data (Figure 42B) where the evaporation was lower and therefore Tb(O) values at 0000
and 2400 were much closer, The brightness temperature dependence on moisture
content implies that between 1800 and 2400, Tb(O) should decrease more than Figure 42A
indicates, This is because the layered evaporation model used for computing soil
evaporation losses (Section 3. 1) did not account for near=surface recharge dve to
capitlary action during late afternoon and evening hours. According to data in Figure
15, neor-surface moisture content at 2400 equalled opproximately that at 1400,
Consequently, if the recharge were accounted for, maximum Tb(O) values for wel soil
(Figure 42A) would be somewhat lower and Tb(O) would probobly decrecse to about
215°K ot 2400. This is also supported by Figure 42B which shows that when moisture
content changed little during the 24 hr. period, the difference between brighiness tem=
peratures wos also small, The three surface configurations (0/0,30/90,30/~90) affected
brightness temperatures mainly during daytime. The maximum differences occurred at
1200 and were equal to 10.4°C (1.4 GHz), 11.1°C (4.0 GHz) and 9.3°C (10.0 GHz),
respectively. It should be noted that the maximum diurnal range of brightness temperatures
(.., 38.9% at 4,0 GHz ; Figure 42A) was mainly due fo high evaperation loss which in
turn was affected by the roughness length used during temperature regime simulations
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Table 13. Moisture contents for the hypothetical profiles at various
depths and times of day.

MOISTURE  PROFILE
Depth H/0/0 L/0/0
cm Moisture Content at Time (hours), in cm3/ cm3
0o 06 12 18 24 00 06 12 18 24
1 0.300| 0.294{ 0.249]0.188 | 0.181 0.042 | 0.042|0,040§0.035 }0.035
3 0.300| 0.298] 0.2¢7 0,231 | 0.226 0.107 | 0.107(0.103|0.095 {0.094
5 0.300| 0.298| 0.280]0.257 | 0,254 0.156 | 0.156|0.1520.147 {0.146
: 7 0.300§ 0.299| 0.284|0.264 | 0.261 0.172 | 0.1721 0,169 |0.164 [0.163
| 9 0.300{ 0.299] 0.286|0.268 | 0.265 0.181 | 0.181|0.179}0.174 |0.173
!\ 11 | 0.300| 0.299| 0.287]0.270 | 0.268 0.188 § 0.188| 0,186}0.181 10.181
13 }0,300| 0.299f 0.289{0.272 | 0.270 0.191 | 0.191}0.189 0,185 (0.184
15 |0,300] 0.299] 0.290]10.275 | 0.273 0.195 | 0.195]0.193{0.18% {0.188
17 | 0.300| 0.299| 0.291)0.277 | 0.275 0.203 | 0.202}0.2000.196 {0.195
19 10,300} 0,299 0,29210,280 | 0.278 0.211 | 0.210]0.208 | 0.204 {0.203
21 |0.300| 0.299| 0.293]0.283 | 0.281 0.215 | 0.215]0.21310.209 |0.209
23 10,300 0.300| 0,295)|0.286 { 0.284 0.222 | 0.221}0.219]0.216 {0.215
25 |0.300 0.300I 0.296]0.289 { 0.288 0.230 | 0.230}0.22810.224 |0.224
27 |0.300| 0.300f 0.297]|0.292 § 0.291 0.240 | 0.241;0,2390.235 |0.235
29 |0.300| 0.300! 0.298]| 0.295 { 0.295 0.257 | 0.257} 0.255]0.252 |0.252
31+ {0.300 | 0.300{ 0.2992]0.299 | 0.298| |0.278 | 0.277} 0,277 | 0.276 {0.275
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(0.5 cm, section 3.2). Whether or not such a T}, (0) range would occur under field
conditions would fo a considercble extent depend upon the evaporation loss.
The diurnal fluctuation of Tb(O) for a dry soil (Figure 42B) was caused primarily

by soil temperature changes. As a result, the maximum range AT, (0) was higher at

10.0 GHz (20°K) than af 1.4 GHz (12°K); this reflecks smaller soil temperature fluctuation

at greater depths (Figure 41). As mentioned before, the 0000 hours and 2400 hours

brightness temperatures were cimost identical due to small moisture loss (and consequently
smoall emissivity change) during that period, Surface configuration had less effect on Tb(O)

of dry soil,

The effect of soil moisture changes on the brightness temperature hos been
isolated in Figure 43 which shows total emissivity computed using Equations (22)
and (23). Emissivity varied considerably during periods of large evaporation loss
but remained approximately constant if soil moisture changed little; the latter
condition existed when either atmospheric evaporative demand was low (nighttime,
Figure 43A) or soil was dry (Figure 43B). As previously mentioned, the emissivity
should decrease somewhat during evening hours; such a trend is not shown in Figure
43A, The difference between emissivities at individual frequencies for 0000 hours
(Figure 43A) was caused by the frequency dependence of the dieleciric properties of
moist soil because soil moisture profiles were identical (Table 14). The same expla=
nation may be used to account for the time trend of emissivity at 4,0 GHz (Figure
43A) which increased more during the 24=hour period than those at both 1.4 GHz
and 10.0 GHz; as a consequence of this trend, brightness temperature ot 4.0 GHz
behaved the same way (Figure 42A),

If all other parameters in Equation (20) remained unchanged, the brightness
femperature contribution from the jﬂ'l layer, ATy, {0) (Equation (21)), would decrease
with increasing frequency because the term exp(‘- .{0) z.) would decrease. This
relationship is illustrated in Figure 44 for the 0=2 cm layer; contributions from 0=1 em
and 1=2 cm ot 10.0 GHz were added. While for H/0/0 (Figure 44A) only 0.23 of

ATg (0) was contributed from the 0~2 cm depth, the fraction was 0.75 at 4.0 GHz and
0.99 at 10.0 GHz (af 10.0 GHz, 0.947 was contributed by the 0=1 cm layer alone).
As the soil dried out, contributions from 0~2 em layers dropped at all three frequencies,
but the maximum decrease occurred at 4.0 GHz. In contrast, although the dry soil

ATbj(O) coniribution at 1,4 GHz decreased to one third of its value for wet soil
(Figure 44A ,B) the absolute change was much smaller (0.23 to 0.08). Consequently,
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Table 14, Soil temperafures for the hypothetical profiles at various depths

ond times of day.

Moisture Profile
Depth
in H/0/0 L/0/0
cm Temperature af time (hours), in °c

00 06 12 18 24 00 06 12 18 24
0 20,5 19.9 ] 3t.1]27.0 | 20.2| }20.0 | 19.9 % 42.3 |33.5 |20.2
1 21.0 { 20.1] 30.6|27.3 | 20.8| [20.9 | 20.2 i 40.9 |34.1 |21.2
3 22,0 | 20.7{29.5127.9 | 21.9| |22.7 | 21.0 | 38.4 135.2 |23.1
5 23.8 | 21,41 28.7 | 28,2 | 22,9| [24.4 | 21,9 | 36.1 |35.7 |24.7
7 245 | 22,1 27.9|28.4 | 23,91 (25,9 | 22.9 | 34,2 | 35.7 |26.2
9 25.2 2271273 |28.5 | 24,7 |27.2 | 23.9 | 32.6 |35.5 |27.¢
11 | 25,9 | 23.4({2.9|28.4 | 25,4 |28,3 | 24,8 | 31.4 135.1 |28.5
13 {26.3 | 24,1 26,5 |28.4 | 25.91 [29.4 | 25.7 [ 30.4 (34.6 ([29.4
15 {26.8 | 24.6| 26,3 |28.,2 | 26,4 [30.0 | 26.5129.7 [34.0 |30.1
17 {271 25,2 ] 26.2 | 28.1 26,9 |30.5 | 27.3 |29.2 [33.4 |30.6
19 §27.4 | 25.7 ] 26.2 |28,0 | 27.2 ) 131.0 | 27.9 |29.0 |32.9 [31.0
21 {277 | 26.1]26.3 |28.0 | 27.5] {31.2 | 28,5 |28.8 [|32.9 [31.3
23 | 27.9 | 26.6 {265 (27,9 | 27.7 | |31.4 |29.0 }28.8 [31.9 [31.4
25 | 28.1 25.9126.7 |27.9 | 27.9 (31.5 |29.5 [28.9 i31.6 31.5
27 | 28.3 | 27.3| 26,9 |27.9 | 28.1 31.6 | 29.8 | 29.1 |31.2 [31.6
29 128.4 | 27.6|27.2 28,0 | 28.3| |3'.6 |30.2 |29.3 [31.0 31.6
3t+128,5 | 27,9 | 27.4 | 28,1 28.4 | |31.6 |30.4 [29.5 |30.8 131.5
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large moisture changes in the 0-2 cm layer would best be observed at 4,0 GHz (note
that at 10.0 GHz, the 0~2 cm layer stil! contributed mene than 0.7 of Ty (0) when

the soil was dry). In addition to the depth distribution of the contributions, this
conclusion is supported by the brightness temperature change af 4.0 GHz. For wet

soil (Figure 42A, 0000 hours), the Tb(O) equalled that at the lower frequency, while

in the case of dry soil (Figure 42B), Tb(O) at 4,0 GHz was similar to that at 10,0 GHz.
For deeper layers, trends became reversed as the soil dried out. This is illustrated

in Figure 44 for 4~6 cm and 10~12 cm layers ot 1.4 GHz. It is apparent that the Tb .(0)
trend for these layers was opposite to that for 0~2 em, both diurnally and for a I0nger

period; as the 0-2 cm contribution {and more generally that from shallower layers)

¢ . .
her e e
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decreased, that from the deeper layers increased.

The magnitude of ATb.(O) as a function of depth is shown in Figure 45A for
H/0/0. While the bulk of microwave energy was contributed by the 0~1 cm layer ot
10.0 GHz and 0~4 cm layer at 4.0 GHz, contributions at 1.4 GHz diminished only
gradually with depth, and some radiation traveled from depth(s) even below 32 em.

At all three frequencies, the contributions decreased asympiotically with depth. For a
dry soil, however, the asymptotical decrease occurred at 10.0 GHz only, while af the
lower frequencies the layer of maximum brightness temperature contribution shified

downward. This resulted in extending the "effective” depth of penetration at all L
frequencies. |

It is interesting to note that the changes of ATb.(O) due to soil drying depended
on frequency. Thet is, the ATb.(O) decrease for near-surfuce layers and consequent
ATbIO) increase for the deeper Iayers were confined fo a smaller total thickness of the |

so:l at the higher frequencies; this resulted in smaller AT, .(0) gradients with depth

at the lower frequencies. For example, between H/0/0 and L/0/0 ATb.(O) decreased
for the 0-6 cm layers at 1.4 GHz, but only for 0~2 em at 4.0 GHz, and for O-1cm }
at 10,0 GHz; beneath these layers, ATb.(O) increased for depths 6=32+ cm (1.4 GHz), !
2=14 em (4.0 GHz), and 1=7 em (10.0 GHz) However, the ATb.(O) increases at !
greater depths were quite smali(less than 0.02 at all depths for 1.4 GHz) and possibly |
negligible. This is shown in Table 15 using Ty (0) values for H/0/0 and L/0/0 aof .
1200 hours. Although the total brightness femperature changed by 65,1°K, only

Sl Gy i g b Sh e

contributions from the top 4 cm shifted by more than 2%. Such a small change is
apparently insufficient to appreciably affect the measured brightness temperature;
consequently, only the moisture changes closer to the surface can be expected to have
o marked effect on the measured Tb (0).
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Table 15,

Brightness temperature contributions for a wel and
a dry moisture profile as a function of depth at
1.4 GHz, 1200 hrs,

Brightness Temperature Contribution

! o
H 3
. S
i
Pooau
I

| AD‘::H' T ©@ ©K) ;0 (dimensionless)
cm H/0/0 L/0/0 H/0/0 L/0/0 Diyetpnee
4} (2) 3) 4) {5) (4-5)
0-2 44.7 20.2 0.219 0.075 0.144
24 36.0 36.6 0.176 0.136 0.040
46 28.6 37.6 0.140 0.140 0.000
&8 22.1 32.2 0.108 0.120 | -0.012
8-10 17.0 26.8 0.083 0.100 | -0.017
10-12 13.1 22.0 0.064 0.082 |-0.018
12-14 10.1 17.9 0.049 0.067 |-0.018

1416 7.7 14.5 0.038 0.054 |-0.016
16-18 5.9 1.9 0.029 0.044  |-0.015
18~20 4.5 9.7 0.022 0.036 |-0.014
20-22 3.5 7.8 0.017 0.029 |-0.012
22424 2.7 6.3 0.013 0.024 |-0.011
24-26 2.0 5.1 0.010 0.019  |-0.009
26-28 1.6 4.1 0.008 0.05  |-0.007
28-30 1.2 3.3 0.006 0.013  {-0.007
30-32 0.9 2.8 0.004 0.010  |-0.006
32+ 2.9 9.2 0.014 0.036  |-0.022
SUM 204.5 268.0 1.000 1.000 0.000
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While soil moisture contenis generally vary with depth, o radiometrically
measured brightness temperature is an integrated, weighted expression of coniributions
from various depths (Equation (20)). There should exist, then, some single moisture
value which could be cansidered representative of that part of the soil profile
involved in generoting the measured microwave radiation. From Equation (20) it
would appear that for a given measured brightness temperature, the closest effective .
moisture estimate is one in whicl. the moisture content of each layer m, is weighted
by the coniribution of the jth layer Tbj (0) to the total brightness temperature, T, (0).

Such a parameter was defined by Equation (24) and designated LI Column 4 of
Table 16 contains M values for H/0/0 and L/0/0 at the three frequencies for 6~hour
intervals during the diurnal cycle. As expected, these values (i) changed less than
and (i) were higher than near=surface moistures in all cases because of increasing
moisture contents with depth (Table 13), Since m_, values are affected by the current
physical temperature of the soil, if is of interest to determine the extent of soil
temperature influence on the effective soil moisture. This has been done by defining

Mo (Equation (25)) on the bosis of emissivity contribution of the jrh layer Aej to the .
total emissivity ¢ . The results, presented in column 5 of Table 16, indicate that
there wos little difference between m, values calculated by the two methods; in fact, .

they differed in all coses by less than 0,40 % of the m., Vvole (Table 16, column
7). The worst case was 1/0/0, 4.0 GHz, and 1200 hours with a difference of 0.39%.

In other words, the various soil femperature profiles had a negligible influence on the

e T R I , R
AP FER W IARTLELE FPRA o ST SRR AL Sl TN 4 DR BT R .

effective soil moisture computed for various conditions,
While useful  in evaluating the effect of vertical temperature distribution on i

the weighting of coniributions from individual layers, meqcnd Meb do not seem fo be

the moisture contents which are most closely correlated to the computed brighiness

temperatures in the cases studied. Supposting evidence for this statement can be found

in Figure 46 in which Mg (Table 16, column 5) is plotted ugainst € (Table 16,

column 6) for the three frequencies. At 1.4 GHz for example, the L/0/0 profile had

emissivity of approximately 0.89 although its m,, Wes equal te 0.17 cm*/ cm3. Note .
that for a completely dry soil, € = 0,91 at this frequency. This means that while : 1
some water was present within the soil that contributed to the total computed bright= |
ness temperature, the moisture did not substantially affect the value of € . Results

for the remaining frequencies were similar, except the curves were shified toward

lower moisture contents (Figure 46). In other words, the profiles behaved radiometrically
almost as if no water were present, clthough some water always was within the

3
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contributing depth.
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temperature” just below the surface for two profiles as o
function of frequency and time of day.

I

Table 16, Equivalent moisture contents, emissivity, and the "brightness

Soil  [|Frequency| Time |Moisture (cn;3 /cm'?') E(rtr;:ssivi:y A=) |7,(0,1-) Tp}
profile | (GH2) | Brs)  [mpy® [mc® oo | & | OO | €K
1 2 3 4 5 6 7 8 9
H/0/0 1.4 00 0.3000 | 0.3000 { 0.633 | 0.00 | 295.8 2940
06 0.2980 | 0.2980 | 0.637 | 0.00 | 295.1 293.1
12 0.2749 | 0.2750 | 0.678 [-0.64 | 301.3 303.6
18 0.2474 | 0.2474 | 0.737 | 0.00 | 300.2 300.3
24 0.2442 | 0.2440 | 0.744 | 0.08 | 2958 | 293.8
4,0 00 0.3000 | 0.3000 | 0.644 | 0.00 | 294.4 | 294,0
06 0.2965 | 0.2965 | 0.648 | 0,00 | 293.3 | 293.1
12 0.2553 | 0.2554 | 0.694 | =0.04 | 303.2 303.6
18 0.2057 | 0.2057 | 0.760 | 0.00 | 300.4 | 300.3
24 0.2002 | 0.2001 { 0.768 | 0.05 | 294.2 293.8
10.0 00 0.3000 | 0.3000 { 0.669 | ©.00 | 294.0 | 294.0.
06 0.2961 | 0.2961 0.671 | 0.00 | 293.1 293.1
12 0.2498 | 0,2498 | 0.707 | 0.00 303.6 | 303.6
18 0.1916 | 0.1916 0.762 | 0.00 300.3 300.3
24 0.1851 § 0.1851 0.768 | 0.00 293.9 293.8
L/0/0 1.4 00 0.1693 § 0.1687 | 0.872 | 0.36 296.6 | 293.9
06 0.1691 | 0.1486 0.873] 0.30 294, 1 293.2
12 0.1663 | 0.1669 | 0.875 | -0.36 303.3 | 313.9
18 0.1638 | 0.1640 | 0.878 | =0.12 304.3 | 307.1
24 0.1639 | 0,1634 | 0.878 | 0.31 297.2 | 294.2
4.0 00 0.1052 | 0.1055 | 0.905 | =0.28 294.5 | 293.9
06 0.1054 | 0.1052 0.905 { 0.19 292,7 | 293.2
12 0.1029 | 0.1033 0.906 | =0.39 309.5 | 313.9
18 0.1003 | o0.1002 0.908 | 0.10 306.6 | 307.1
24 00999 | 0.0996 | 0.908 | .30 295,1 294,2
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‘ Table 16. Equivalent moisture contents, emissivity, and the "brightness
temperature” just below the surface for two profiles as a

function of frequency and time of day.

Soil IFrequéncy Time Moisture, in (cm3/cm% Emissivity | (4)=(5 Tb(O J°) | T

: 1
‘ (chmen' (5) o P
; Profile | (GHz) | fess) {myp(@ |m 0 | o) | (G0) k) | CK)
o 2 3 4 5 6 7 8 9
oo | 0.0 | oo | 0.0721] 0.0720 | 0915 | 0.14 | 2943 | 293.9 i
| 06 | 0.0720| 0.0720 | 0.915 | 0.00 | 293.1 | 293.2
| 12 | 0.0700 | 0.0700 | 0.917 | o0.00 | 312.2 | 313.9 '
|
| 18 0.0660 { 0.0659 | 0.922 | 0.15 307.1 | 307.1 |
24 | 0.0657 | 0.0656 | 0.922 | 0.15. | 294.7 | 294.2
|
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To help understand the above results, one can write Equation (20) assuming
that the reflections af the interfaces between individual layers are negligible. In
this case, the radiemeiric temperature which would be measured immediately below
the air=soi! interface at the normal incidence Tb(O, B is equal to

T, 0,1) = Z T (100 €7, 0x,)
=

. —”— exp ( - E Y, @Az, ). (26)

=2
For the first three layers, (26) becomes

Ty (O,l")=Tp1 + (Tp2 - Tp'l )exp(-Yl (O)Az‘l) + (TPS-Tp2)

.exp {~ 'Y.'(O)Az.l -y 2(0)A22 )

Tp3 exp (- Y 1(O}Az] - Y2(0)A22 - YS(O)AZS ). (27)

From (27) it is obvious that if soil temperature is constant with depth and if reflections
between individual layers are negligible, the radiometric temperature which would
be measuvred immedictely beiow the soil=air interface is equal to the physical temperature
of the first layer, T_;. Secondly, if the reflections are negligible but soil temperature
varies apprecicbly from layer fo layer, T, (0, 1) will also be affected somewhat by T
values and the meisture contents {due to the latter's influence on Y (0)) of the respective
layers. Finally, if the interface reflections are not negligible, contributions from
individual layers will be further modified by these reflections.

Values of radiometric temperature immediately below the air=soil interface
T, (0, ¥ were calculated at the three frequencies for H/ 0/0 and L/0/0. The results;
given in Table 16 (column 8) show that especially for H/0/0, T, (0, 1-) was indeed
very closeto T ol (coiumn 9 of Table 16). That is, internal soil reflections and
temperature gradsents were not important in this case. For the dry soil, larger dafferences
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between Tb(G" 1=) and Tpl occurred which can be attributed to the diurnal heat
wave penefration into the soil. Nevertheless, an inspection of Tb(O, 1-) and
T ! results in Table 16 reveals that the maximum difference between the two was
out 4.4°K which represents only 0,02 of the commonly chserved soil temperatures.
In terms of microwave remote sensing, Tb(O, 1=) is not the valve that is
measured, however, As expressed by Equation (20}, the measured value is Tb(O)
which is related to Tb(O, 1-) as follows:

T, () =T _(0,1-)}(1-R), (28)

where R is the power reflection coefficient at the air-soil interface. For a plane
smooth soil surface, the value of R is a function of dielectric properties of the soil
which in furn depend primarily on soil moisture content (Chapter 1). The above

results thus imply that under conditions where the brightness femperature model of

Burke and Paris (1975) is valid and where soil moisture and temperature profiles are
similar to those used here, it is only the soil moisture content ot and near the soil
surface which determines the brightness temperature measured by microwave radiometers.
This also exploins why the L/0/0 profile exhibited high emissivity although it contained
an apprecicble amount of water within the contributing soil profile section; the reason
suggested by the above analysis was the low water content in the first soil layer

(Table 13). It is noteworthy that in an experimental study of the relationship between
soil moisture and radiometric temperatures measured by Skylab 5194 radiometer
(frequency 1.4 GHz), Eagleman and Ulaby (1974) also found that moisture in 0~2.5 cm
(4 data sets) or 0-5.0 cm (1 data set) was most closely correlated fo the microwave
measurements. The above conclusion does not contradict the previous discussicn of
contributions from various subsurface layers (Figure 44, 45) because in the case of
small temperature differences and small reflections between individual layers, the

radiative energy transfer proceeds similarly as in a homogeneous medium.

In exirapolating the brightness temperature model predictions to natural conditions,

it should be kept in mind that the model neglected surface and volume scaltering.
Since scattering is a form of reflection, the microwave energy can be scattered only
if o change in dielectric properties exisis between the media on the opposite sides of
the scattering surface. To gef an idea of the magnitude of scattering, consider inter=
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3
faces between three media, namely air, dielectrically uniform soil with 0.05 em™/em
moisture, and dielectricolly uniferm soil with 0.25 cms/cm moisture content., Using
coefficients in Table 12 to estimate k' and computing power reflection coefficient

between media 1 and 2, R12' from

FW‘}
Y

the following results can be obtained of 1,4 GHz:

Medium 1 Medium 2 Ry,

air (assumed dry) soil, 0.05 t':m:')'/cm3 0.09
f soil, 0.05 cma'c::m3 soil, 0.25 emYemS 0,06
i air {ossumed dry) soil, 0.25 cm3/ cm3 0.31

Thus if soil is relatively dry (0.05 cm3/ cm3) near the surface and below
this layer moisture suddenly increases to 0.25 cms/ cme ; the second reflection
(0.06) and therefore the higher moisture would have less impact on the microwave
signal than the first one (0.09). An air-moist soil (0.25 cms/cm } interface would
have a higher effect, however (R.I2 = 0,31). These considerations seem to suggest
that subsurface scattering (and therefore the effect of subsurface moisture on microwave

signal) will be higher for a soil consisting of more or less homogeneous clods separated
by air voids; these clods should be larger than approximately one tenth of the wave~
length measured in order for seattaring to take place. On the other hand, in a
relatively homogenecus soil (in terms of air~soil makerial distribution), even sudden

large moisture changes do not seem to have a major effect on the microwave radiation
<R12 = 0,06) and ther«fore their impact on the measured signal will be smatler.
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It should also be noted that the assumed soil moisture change from 0.05 cms/cms

to 0.25 em/ t':m3 is unrealistically large compared to cases which might be en~
countered under field conditions. For example, the maximum moisture change

with depth reported by Jackson (1973) for the July, 1970 experiment (average

daily polential evaporation of 1,077 cm) was from 0,079 (depth 0=1 cm) to

0.168 em*/cm” (1-2 cm), or a change of approximately 0.09 cm"/em”™ compared

t0 0.20 cm3/ cms used here. Furthermore, the radiation transfer in the soil proceeds
continuously and nof in discrete steps, and soil moisture also changes in a more or
less continuous fashion with increasing depth; therefore, the chance of encountering
a sudden moisture change appears relaiively smail.

If only the surface and near=surface moisture contents are of major importance
in determining the microwave brightness temperature, then it follows that the soil
surface temperature may be used as the representative soil temperature without
generating oppreciable errors. The passive microwave sensors could thus be supple-
mented with infrared radiometers to yield soil emissivities (computed from Equation
(2)), This sensor combination wes proposed by Poe et al. (1971). Corsequently,
predictions of soil femperature would not be necessary provided that physical soil
temperature values can be isolated from the infrared measurements for areas correspond-

. ing to the microwave resolution cells,

Brightness temperature calculations discussed so far in section 4.1 were made
with the assumption that dielectric properties of @ moist soil depend on water content
only. This is becouse the temperature dependence of the soil dielectric constant
has not been studied experimentally, most |aboratory measurements having been made
at approximately 20°C. On the other hand, the dependence of the dielectric
constant of water on temperature has been well established (Peris, 1969), To defer-
mine the order of magnitude for temperature effect on dielectric properties of a moist
soil, the following procedure weas used:

(i) Calculation of the ratio between dielectric constant of water at

' 5°C and 35°C and that at 20°C. This was done separately for k'

and k", ot each frequency, and for salinities 0 ®%60, 10 Yoo, and
20 °/00. To obtain the ratios for k' and k" os a function of
frequency and temperature, values for the different salinities were

averaged.,
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(i) Using these ratios and dielectric constant values of a moist
foam (Cihlar and Ulaby, 1974), k* and k" for a given
temperature (5°C or 50°C) were calculated by multiplying
the measured values by the above ratio and the volumetric
water content. In other words, the assumption was made that
the change of the dieleciric constant of a moist soil with
temperature is solely due to the temperature dependence of the
dielectric constant of the water portion. Except for possible
ionic complex interactions, such an assuniption appears
justified since the dielectric properties of dry soil are
practically constant with temperature (Cihlar and Ulaby, 1974).

(iii)  Power reflection coefficient and emissivity were computed for

soll profiles in which moisture was constant with depth {profiles
between 0,00 cma/ cm3 and 0.35 cm3/cm3) and temperature was
also constant (either 5°C or 50°C),

Figure 47 shows the resulis ot three frequencies; afl 5°C data are joined by
curves, Apart from the frequency dependence, these data also show a systematic
effect of tempereture on power reflection coefficient and emissivity: af all three
frequencies, the power reflection coefficient decreased with increasing frequency,
particularly at higher moisture content. The maximum difference (0.007) corresponds
to a moisture content difference of approximately 0.010 cm3/ cma. Considering the
relatively extreme soil temperatures which this moisture differentiol represents, it
would appear that the temperature effect on the soil dielectric properties could be
neglecicd in an algorithm designed to extract seil moisture information from microwave
measurements without introducing appreciable efrors,

As stated in section 4.1, calculations of brighiness temperatures Tb(O) (ond
therefore effective emissivities € (0)) were made for incoherent radiction. Active
sensors transmit a coherent beam, however, and the question thus arises whether the
same relation between power reflection coefficient R and emfssivity ¢, e =1 =R,
is valid for both coherent and incoherent radiation, To answer this question, power
reflection coefficients were caleulated for 11 soil moisture profiles in two ways:

(i) R=1-¢€

where € = ¢ (0) from the brightness temperature model (Equation (23)).
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Symbol Frequency Temperature

S 1,4 GHz 5°C
0.6 ® 1.4 GHz 50°C 0.4
*7| O 4,0 GHz 50¢C
v 4.0 GHz 50°C
0.5 o— 10,0GHz 5°C ~0.5
] 10.0 GHz  50°C

e
S

=
—

L
N
L
oo

Emissivity, Dimensionless

Power Reflection Coefficient, Dimensionless
)
L WA ]

0. 1 0.9
1 1 ) t 1 3 1.0
0. 00. 0 0.1 0.2 0.3 0.35

Soil Water Content, cmcm?

Figure 47. Power reflection coefficient and emissivity as a function of soil water
content and soil temperature,
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Gi) R= o2 %

Values of p were calculated* by a method outlined by Casey (1973) o
in which the second=order linear differential equations describing the
electromagnetic field behavior in the vertical direction within the soil
are solved in terms of Hill's functions.

A comporison of results obtained by the two methods is given in Table 17,

The two power reflection coefficients are almost identical at higher frequencies and

high moisture contents, but the agreement is also very close at 1.4 GHz if the moisture

confent is high, Greatest discrepancies occurred at 1.4 GHz when moisture content
was low, The discrepancy between power reflection coefficienis computed for coherent
and incoherent radiation thus appeared to increase with increasing depth of penetration

or vertical nonuniformity of soil moisture contents (see Table 13) or both, This agree-

ment also suggests that under conditions when the assumptions of the plane interface, i

multi~layer, nonscattering soil material ore valid, the return of coherent active mi.-o= i

wave signal will be determined by the surface and near surface moisture content,
similorly as wos the case with brighiness temperature, In addition, the discussion of
diurnal variation of emissivity may be directly exirapolated to power reflection coefficient.

PRV EPERT e

4.2 SOIL MOISTURE CONTENT DETERMINATION OVER LARGE AREAS

The following discussion is based on two premises, First, soil water contenf

should be specified in volumetric units in order to provide usable information, be it

equivalent depth (in cm), amount of water per unit soil volume (in cm3/ cma), or
some other parameter. Secondly, the soil moisture results should be location=
specific to be of maximum benefit to the user. While the first premise rests on the

fact that water is involved in various processes and environments as quantities,

the second essumption appears justified by the grov. ng environmental concern about

conditions at specific locations (Holtan and Lopez, 1970), as well as economics of
land use of particular areas (such as fields).
Results of the previous seclion and consideration of the effect of moisture on .

i
:
i
|
;
{
i
i
!
I
|
i

the electromagnetic radiation propagation suggest that microwave remote sensors may

*Calculations were made by Dr K. F. Casey, Department of Electrical Engineering,
Kansas State University, Manhaiten, Kansos.
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. Figure 17. Comparison of power reflection coefficients calculated
for coherent and incoherent radiation.

Frequency (GHz)
Moisture | - Time 1.4 4.0 10.0
Profile 1
c I* C i c 1
H/0/0 06 | 0.364 | 0.363 | 0.349 | 0.352 | 0.327 [0.329
g H//0 12 | 0.306 | 0.322 | 0.299 | 0.306 | 0.290 [0.293 ]
H/0/0 18 | o.250 | o0.262 | 0.230 | 0.240 | 0.233 }0.238
H/0/0 24 | 0.246 | 0.256 | 0.223 | 0.232 | 0.226 10.232 @ j
' Wavo | 18 | 0.251 | 0.264 | 0.232 | 0.241 | 0.234 [0.242 ;
H/3/90] 18 | 0.256 | 0.269 | 0.239 | 0.249 | 0.241 [0.248 n
H/30/-94 18 | 0.255 | 0.267 | 0.237 | 0.246 | 0.239 |0.246 n
i 1/30/-90] 06 | 0.073 | 0.118 | 0.053 | 0.082 | 0.047 [0.069
/3y/-90| 12 | 0.072 | 0.113 | 0.050 | 0.078 | N.A. [0.069
{ L/30/-90| 18 0.072 | 0.109 | 0.047 | 0.074 | N.A. (.060 ,_.};
i/30/-90] 24 | 0.072 | 0.109 | 0.048 | 0.074 | N.A. p.0s0

*Note C = coherent case 1 = incoherent case
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provide so!l moisture information about the soil surface and near subsurface layers
unless the soil material appears geometrically or dielectrically rough relative o
the wavelength measured. Since various types of tand use and management are
concerned with deeper layers as well(e.g. profile thickness of 100 to 260 cm), it
follows that @ microwave remote sensing fechnique of soil moisture estimation would
have to become a part of a larger sysfem involving other inputs. Following is a
discussivn of a possible algorithm of which the objective is providing site=specific
profile soil moisture content information during frost=free periods over areas with
agriculture as the moin land use category.

The total area of interest is divided inte a number of small cells i of equal
size, thus forming an equal area grid system (Tomlinson, 1972). The maximum cell
size must be smaller than the smallest area element the soil water content of which
is needed and larger than the minimum resolution cell size of the microwave sensor,
The algorithm is bosed on the soil water balance equation (Equation (4), (7)) which, in
the absence of irrigation and after (Fi—Fo) is replaced by ~(R4D), may be written as

SE+AL) = S(t) + P(A1} - R(At) - AE (A1) - D (AH), (29)

where R = surface runoff. To implement Equation (29) in a site=specific algorithm,
the following information is needed for each area element i and time increment At
precipifation, runoff, actual evaporation or actual evapotranspiration, ond drainage
below the terminal depth of the profile. If the remote sensing mission takes place
every other dov, At =2, and the remaining necessary parameters may be obtained
for the period of At as follows.
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Precipitation

Precipitation amounts P ( At)and duration PD can be acquired from
meteorclogical stations as values representative of the cells in which they are
located. Point=rainfall exirapolation methods (Hutchinson and Walley, 1972;
Chidley and Keys, 1970; Unwinn, 1969) can then be used fo obtain areal rainfall .
As mentioned in Chapter 2, however, precipitation patterns vary considerably even
at short distances, and areal rainfall may be far from representative for specific
locations. To solve this problem, microwave sensors can be used for determining the
actual precipitation patterns over the entire areo, Thus, the actual precipitation
for the cell | can be considered a) equal to the areal rainfall computed above if
the microwave remote sensinrg data show that cell i received precipitation, b} equal

to ze:o otherwise .

Runoff

Runoff can be computed as the difference between precipitation intensity and
infiltration copacity. I the infiltration capacity is calculated by Holtan's (1970)
formula, runoff R( At) for cell i and precipitation (P A1), is equal to

R(AR) = P(AH) - PD(F_+asl), (30)
where
a = infiltration capacity in inches/hour/ (inch) 1.4 of available storage;
Su = available storage in the surface layer ("A" horizon in agricultural
soils) in inches of equivalent water layer;
f= constant rate of infiltration after prolonged wetting in inches/hour.

Values of a were given by Holtan et al. (1974) for various crop types and these of f
by Musgrave (1955) for different soil hydrologic classes. Considering possible multiple
precipitation events as one will not result in large ervors because of At =2 (Richards
and Strahl, 1969). The runoff R(At) can be either routed to the channel (Holtan

et al., 1974) or simply ignored; the former strategy would help to account for that
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part of R( At} which enters the soil prior to ifs reaching the channel. At this point,

the actuel amount that entered the soil, Peff( At), can be calculated for each cell i

i as

P (A1) = P(A) = R(AD). (31)

% Actual Evaporation or Evapotranspiration

Varicus methods can be used to compute actual evaporation (section 2.1). a
Holtan et al, (1974) described a technique for evapotranspiration estimation which -

is based on pan—=evaporation data, growth index, and soil moisture status.

Drainoge o

The drainage component D( At) can be estimated with the assumption that only

a certain maximum amount of water, S_, can be retained for extended periods of time i
{section 2,3), Results in section 2.3 also suggest that D( At) may be considered .
negligible if the soil storage capacity SP is not exceeded. Consequently, droincge

can be determined as

Il

D (At) 0 if Peﬂ:(At) £ SP = S ()

] = Peff(m') + S - Sp otherwise. (32) ‘

A more refined approach to computing D( At) would consist of combining Equations (32) -
and (30).

The values of P, R, AE, and D must be determined for each cell i and period At,
Then, given the initial soil moisture storage S(t), the amount of water stored ai time .

(t + AF) can be eomputed from Equation (29). Figure 48 is o flowchart of the sequence
of computarions for one At peried.
The prozedure described above would yield one moisture storage value for the

entire soil profile. As pointed out in Chapter 2, however, it is preferrable to subdivide
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N = Number of cells

M = Number of celis with
meteorological data
available

P = Precipitation amount

PD = Precipitation duration

MET = Meteorological variables

R = Runoff

PRS = Precipitation pattern
from microwave Sensors

AE = Actual evaporation
(evapotranspiration)

D = Drainage below the terminal
depth of the soil profile

i=1, N;j‘l,M

START FOR
PERIOD
Ot

S(t, i), P(j),
PD(j), MET(}),
PRS(),

1

COMPUTE
1} P(p
2} P
3} RG)
4) AE(}
3) AE()
6) Dii),

i=1N

j=1, M

1

COMPUTE Stt+&t, 1), i=1,N

l

Sit+ At i=1LN

END FOR |
PERIOD
At

Figure 48. Flowchart of an algorithm for large area monitering of soil

water content.
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the profile into zones and menitor moisture changes for each zone separately. For
a bare soii, the two zones mode! used in Chapter 2 can be used with the upper zone
divided into layers as thin as 1 cm if such resolution is warranted; the lower zone
would comprise the remainder of the profile (section 2.4). In the case of vegetated
areas, the layered model of Baier et al. (1972) would be mare appropriate because
it allows for changing root sfructure of the plants. In the multi-layer case, drainoge
from one layer can be regarded os input into the layer immediaiely below.
To implement the above algorithm for monitoring soil water content, the
following data would be needed:
a) Time = invariant parameters:
= Hydrological soil group to determine f_ (Equation (30)).
= Storage capacities of individual zones within the
soil profile; these could be chtained from soil survey reports.
b) Time = varying parameterss

T T St P

= Land use (crop type), to be specified for longer periods (e.g.,
a season).
- Precipitation amounis, durations, and metearological variables
needed for AE ( ) calculations.
The dbove deseribed algerithm would allow cembining advantages of various

methods of soil moisture estimation useful for large areas (section 1.1) while avoiding '3;
their drawbacks. Furthermore, it would employ data readily available in muny areas. :
It should be noted that various hydrological models (Knapp, 1973; Staff, Hydrological Py
Research Laboratory, 1972; Holtan et al., 1974) approach soil moisture accounting in ;
a way similar to that used here, The difference is that soil moisture was the only

oufput parameter required which allowed simulianeous simpiification and expansion

compared ko the other models.
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CHAPTER 5. .

MICROWAVE RESPONSE TO SOIL MOISTURE: A REVIEW
OF EXPERIMENTAL MEASUREMENTS

As stated in Chapter 1, the concept of soil moisture estimation from remote

microwave sensor measurements is based on the microwave signal response fo the
presence of water in the soil. This phenomenon has been demonstrated in Chapter 1
(Figure 2) and Chapter 4 by applying simplified theoretical solutions to vertical soil
temperature and/or moisture profiles which were either constant with depth or

computed from empirical models. In order o investigate the role of moisture and

temperature regimes in microwave remote sensing of soil moisture, only the infrinsic
relationships between microwave reflection {(and emission) and soi! moisture content
were considered. Under natural conditions, however, other target parameters also
aoffect the scattering and emission properties of the surface; namely, roughness and
vegetation cover.

The difficulty involved in relating some of the statistical parameters used in
theoretical scattering and emission models to easily specifiable target parameters hos
jed investigaters to construct empirical models bosed on experimental data, One of :
the major cbjectives of microwave remote sensing of soil moisture programs is to estab= ’
lish sensor parameters (frequency, polarization and angle of incidence range) for which :
the effects of target characteristics other than soil moisture are ot o minimum. The E
objective of this chapter is fo present o summary of active and passive microwave
measurement progrems in remote sensing of soil moisture. The presentation is divided ¥
into sections according to platform (ground, airborne, spaceborne) and each section

is divided into active and passive cbservations.

5.1 GROUND BASED PLATFORMS |

5.1.1 Active Microwave QObservations : ?

Backscatfer data acquired by a truck mounted Active Microwave Spectrometer
over the 4-8 GHz frequency region were reported by Ulaby (1974) for a badre field.
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The soil type was Pawnee clay ioam and the surface was slightly rough (2.5 cm rms
height). With soil moisture represented by the average gravimetric moisture content

in the top 5 cm of the soil, m,, (0,5)%, the backscattering coefficient 6 showed @
linear increase with soil moisture after the larter quontity had exceeded 15%; no change
in 6° was observed for moisture confents below 15%.

In an attempt to provide & more representative value for soil moisture, Ulaby
et al. (1974) computed an "effective” moisture content, mv(O, &) in groms per cm",
whete mv(O, &) was defined as the average moisture confent within the skin depth §.
Plots of ¢° as a function of mw(0,5) and mV(O,B ) are shown in Figures 49 and 50,
respectively. With this new approach for defining moisture content, ¢° indicates a
linear response over the entire range of mV(O ;8). The radar signal change with soil
moisture was highest ot low incidence angles (Figure 50) and the highest frequency
(7.1 GHz) and decreased as the incidence angle increased from 0° to 70° and as
frequency decreused from 7.1 GHz to 4.7 GHz. These trends were quantified in terms
of sensitivity, defined as the change in scattering coefficient resulting from a change in
m_(0,5) of 0.01 o/ em® (Figure 51). The various frequency/polarization combinations
exhibited an approximately equal sensitivity at 20° incidence angle for the Pawnee
clay loam data.

Because of the range of roughness characteristics that exist under field
conditions, the most relicble method for determining the effect of roughness on the
sensitivity of microwave sensors to soil moisture variations is by analysis of experimental
data. During the summer of 1974, ¢° data were acquired for each of three bare
fields having identical soil type but different scales of surface roughness ( Batlivala
and Ulaby, 1975). The three fields, which for identification purposes will be referred
to as smooth, medium rough and rough, had rms surface heights of 0.88 cm, 2.6 cm
and 4.3 cm respectively, Simultaneous with the radar measurements, paossive radiometric
measurements were also acquired by Texas A&M University. Analysis of the possive data,
however, has not yet been completed, The active microwave measurements were
conducted at 8 frequencies between 2 and 8 GHz, for all linear polarization configurations
at angles of incidence between nadir and 40° (in 10° increments).

In Chapter 5, the parameter used to describe soil water content is m_(b,c}, where a
is w (moisture in % by weight) or v (moisture in g/cm®), and b and ¢ represent upper
and lower depths of the layer represented (in cm).
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Figure 49.  Scattering coefficient as a function of moisture b
content in the top 5 cm. Freguency is 4.7 GHz. o
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From Ulaby, Cihlar and Moare (1974)
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Figure 50, Scattering coefficient as a function of effective
moisture content. Frequency is 4.7 GHz.

130 From Ulaby, Cihlar and Moore (1974).
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Figure 51. Moisture sensitivity Sv as a function of incidence angle.

From Ulaby, Cihlar and ivioore (1974).
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After acquiring radar data with the fields dry, the three fields were sprinkled
with water until soturation. FEach of the fields was then periodically monifored with

active microwave measureéments and ground truth equipment as the soil dried up.

Figure 52 is a time plot of moisture content and o at nadir, 10° and 20° for .
VV polarization at 2.75 GHz, The data are for the medium rough field. Based on
moisture samples acquired of 8 sampling sites on the field, the mean and standard
deviation of the moisture content were calculated; the moisture interval shown in "5
Figure 52 represents the mean + standard deviation, The large uncertainty in soil
moisture content, represented by the width of this intervol,illustrates the difficulty in
correlating 0° with moisture content. The uncertainty in m (0, &) is attributed in
part to the difficulty in sampling thin layers of soil and in part fo the spatial variation

of moisture content across a field, E

Comparison of 6° to mv(O, 8 ) shows good correlation at alf angles. Similar
results are obtained ot other frequencies and polarizations for each of the three fields .
individually. To demonstrate the effect of surface roughness, Figure 53 shows the angular
response of O° for the three fields at approximately the same moisture content, Whereas
the smooth field at 2.75 GHz shows a drop of about 23 dB between nadir and 10°, the

rough field, on the other extreme, shows less than 1 dB change. The interesting

gt

observation in Figure 53 is that af each of the three frequencies shown, a narrow range

in angle of incidence exists for which the effect of roughness is at o minimum; at 5,25 GHz

10° appears as a crossover point and at 7.25 GHz,20° is the crossover point. Appli= !
cation of this phenomenon is shown in Figure 54 where 0 is plotted s a function of
mv((),é } for all three fields combined. The frequency is 4.75 GHz, the angle of b
incidence is 10° and the polarization is VV. Even with the uncertainty associated with ! ;

L ik

the values of mv(0,5) , the correlation coefficient is 0.69.

Vegetation cover hinders the microwave remote sensing of soil moisture. In
addition to aftenuating the backscattered or emitted soil radiation, the vegetation
canopy adds its own contribution to the radiation measured by the radar or radiometer. !
The degree fo which vegetation affects the capabilities of microwave sensors in soil

moisture content determination is @ function of plant geometry and the dielectric properties

L -
K A et A4

of the canopy volume, both of which are related to plant type, stage of growth, stand=

ing biomass, and other soil and plant variables. Given the complexity of interactions
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Figure 54, Scattering coefficient response as a function of soil moisture
for three surface roughness profiles combired. From Ulaby, et al. {1975).

By e T f e LTt e b e L




among these factors and the lack of understanding of how they relate to one another
and to the microwave response of vegetation , experimental measurements of the
soil/canopy system under a variety of conditions are the most efficient method for
determining the effects of plant canopy on microwave measurement of soil moisture.
So far, the aftention has been focused primarily on agricultural crops.

Figure 55 {Ulaby, 1975) illustrates the effect of frequency on the reder
sensitivify to soil moisture differences for o field of mature milo. At nadir, a large
separation is cbhserved between the frequency responses of dry (8.2%) and wet (26.8%)
soils. This separation, however, decreases by about 7 dB between 4 and 8 GHz, In
contrast, a much smaller difference is ohserved at 30°, particularly af the higher
frequencies.

Backseatter data from 43 fields of mature corn, milo, soybeans and alfalfa are
shown in Figure 56 where ¢° data at 10° and 30° are plofted as @ function of gravimetric
moisfure content in the top 5 em (Ulaby, 1975 ). The frequency and polarization are
4.7 GHz and HH, respectively. The calculated sensitivity (siope) at 10° is 0.3 dB/1%
moisture. Similar colculations were performed af other frequencies and angles of
incidence and are summarized in Figure 57,

An optimum active sensor for microwave remote sensing of soil moisture should
operate of the frequency, incidence angle, and polarization for which (i) the correlation
between ¢° and soil moisture is very high, thus implying low interference by other
variables, and (ii) the 0° change with changing meisture content is also very high,
thereby encbling accurate moisture estimates, Figure 57b indicates that practically
at all incidence angles, the correlation between o° and moisture was higher at the
low frequency, and the difference between polarizations was small. Furthermore, the
sensitivity Sw' was highest at 0° and 10° but decreased quite rapidly for higher
incidence angles, perticularly at 7.1 GHz (Figure 57a). Consequently, Ulaby's
(1975 ) study suggested that the low frequency and an incidence angle arcund 10°
would exhibit highest moisture sensitivity for the ranges of sensor parameters and

experimental conditions investigated.

5.1.2 Passive Microwave Observations

The passive microwave response to soil moisture has been demonstrated by several
investigators (Poe, 1971; Edgerton, 1968; Edgerton et al., 1968; Blinn and Quade,
1973; Lee, 1974; Newton ef al., 1974). An example is shown in Figure 38 (Blinn
and Quade, 1973) where the measured emissivity is plotted as a function of mok hre
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Crop Type : Milo

Crop Height : 1, 0 Meters

Polarization : WV

Incidence Angle { (Q° 0° 30° 30°
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Designation  |a—=—]0==-= |A=——|®
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. O ----'-_"o-l-;..
- T =0,
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Figure 55.  4-8 GHz SPECTRAL RESPONSE OF MILO AT o = (°
AND 30° FOR LOW AND HIGH SOIL MOISTURE CONDITIONS.

From Uleby (1975).
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Crop
Crop Height Freq. Incidence

Type (m) GHz Pol. Angle
Corn 24 47 HH e——m1(°

20 Soybeans 1.0 ——30°
Milo 1.0
i5| Alfatfa 0.5 Slope 0. 30 dB/1%
Moisture o

Scattering Coefficient 0® in dB
Tt

0 B ®
v Y
St By oW ow ¥ v Slope .14 dB1%
v b 4 vY « Moisture
_10 ] - | 1 )

| 1 M
0 5 10 15 20 2 30 35
Percent Moisture Content by Weight:

Figure 56.  Scattering coefficient response as a funckion of soil moisture

for entire data set regardless of crop type. From Ulaby (1975).
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Figure 10c. Cross Polarization

Figure 57.

SCATTERING COEFFICIENT RESPONSE AT 4.7 GHz FOR

FOUR CROP TYPES. SOIL MCISTURE CONDITION 1S
From Uleby (1975).
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Figure 59. Moisture and roughness effects for sandy loam,
From Blinn and Quade (1973).
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content at 1,42, 10.69 and 31.4 GHz., The angle of incidence is 25° from nadir.
Blinn and Quade (1973) reported that the emissivity remainded constant for moisture
contents below a "breakpoint" ranging between 1.5% and 15%. The breckpoint
increased with frequency and with the soil clay content, The moisture content is
presumably the average moisture content over a 15 cm layer., The existance of such a
breakpoint is similar to the radar response shown earlier in Figure 49, Moreover,

the explanation for the change in the value of the breakpofnf between 1.5% and 15%
as a function of frequency ond clay content is in agreement with the change in linearity
observed for the active microwave data when moisture content was expressed in ferms
of an effective value over the skin depth. The effective layer contributing to the
emission is closer fo 15 cm at 1,42 GHz than at 31.4 GHz.

In addition fo measuring the emissivity as a function of moisture content, Biinn
and Quade (1973) investigated the effect of surface roughness on the emissivity.
Regular roughness potterns were prepared by pulling a triongular toothed templafe over
the surface of the soil. Tooth spacings of 2.5, 5, 7.5 and 10 cm were used. The grooves
were oriented first in the direction of horizontal polarization and then in the direction

of vertical polarization. Their results, shown in Figure 59, indicate that increasing

. roughness (furrow spacing) can have a substantial effect on the emissivity, particularly
at the higher frequencies.
The effects of surface roughness and vegetation cover were investigated by
Texas A&M University (Lee, 1974; Newion et al., 1974), Radiometric measurements were
acquired at L=band (1.42 GHz) and X~band (10.69 GHz) with horizontal and vertical po-
larizations. Three fields with surface roughnesses comparabie to those shown in Figure 53

were used. With regard fo surface roughness, Lee's (1974) results confirm the findings :
of Blinn and Quade (1973) as indicated by Figure 60. The effect of vegetation is illus= «
trated in Figures 6la=c where brightness temperature values of oaigrass can be compared. ! |
to the response observed with the fields bare. All the data shown in Figure 61 is ot 30°
angle of incidence, L=band. The vegefation appears fo produce lower brightness

temperature values than those obtained for the bare soil, particularly for the medium
rough and rough fields. Similar results were also evident in data at other angles of
incidence and for different definitions of moisture content (0~18 cm depth and equivalent

soil moisture). At X~band, the vegetation appecred to completely mask the radiometric

sensitivity to soil moistuie .
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5.2 AIRBORNE PLATFORMS

5.2.1 Active Microwave Observations

Using airbome scatterometer measurements, Dickey et al, (1974) analyzed
radar return from dry and irrigated portions of the same fields. The crops grown
included corn, alfalfa, grain sorghum, sugar beets and hay. They found that af
13.3 GHz and for incidence angles below approximately 45°, o values meosured
from irrigated sections were 5 to 7 dB higher than o° values from the dry sections;
an example for a corn field (48 cm talt, coverage 40%) is shown in Figure 62. The
difference in angular responses varied with crop type, however. For example, in
one alfalfa field, o° for the wet section was only 2 dB higher ot angles above 20°,
The response to moisture was also ebserved when all dry section (4239 resolution cells)
and wet section measurements (85 cells) were combined (Figure 63). Dickey et al.
(1974) concluded that similar effects occurred at 0.4 GHz but they were obscured
because of the large resclution element size., Ulaby et al. (1975) utilized some data
from the same mission to illustrate the relationship between mw(O, 15) and 0% at
13.3 GHz for seven fields with various covers (Figure 64). In spite of the variety of
crops, 0 increased neorly linearly with increasing moisture at 10°. The response
at 20° wos weaker except for one moist field; this anomaly could be related to row
configuration. At 50°, ° did not change with moisture content in a monotonous

fashion; this is consistent with the data discussed in section 5.1.1.

5.2.2 Passive Microwave Observations

Several airbome experiments hove been conducted to determine the effects of
soil moisture on the microwave emission (Poe and Edgerton, 1971; Jean, 1971;
Schmugge et al., 1974). In most cases, an aggregate soil moisture sample from the
top 15 cm layer was used for defining moisture content.

Brightness temperature data acquired at 19,35 GHz over an agricultural test
site in the vicinity of Phoenix, Arizona, was reported by Schmugge et al. (1974} as
a function of moisture content in the top 15 cm. A breakpoint of about 15% moisture
followed by a linear decrease of brightness temperature with moisture was chserved, in
agreement with Biinn and Quade's (1973) findings (Figure 52). Data acquired at
1.4 GHz for the same fields , however, showed a similar linear decrease buf no clearly
discernible breckpoint was apparent. Schmugge et al. (1974) aitributed the breakpoint
effect in port fo the behavior of the dielectric properties of soil as a funciion of
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moisfure content, and in parf to the inappropriafe representation of moisture content
by the 15 cm layer. Whereas the average moisture in a 15 cm leyer may not vary
much befween different fields, the moistures in the top surface layer may be
considerably different. Differences in skin depth between the 19.35 GHz (A = 1.55
cm) and 1.4 GHz { A= 21 cm) frequencies may partially explain the absence of a

In a more recent analysis of the data by Schmugge (in: Ulaby ef al., 1975),

|
breakpoint in the 1.4 GHz brighiness temperature response to moisture., ‘
the effect of soil type was accounted for by plotting the data for heavy soiis (clay |

loam) and light soils Gandy loom and loam) separately as shown in Figure 65. Also,

the moisture content is that of the top 1 ecm. The differences in response to soil moisture 7
(stope) was then eliminated by plotting the combined data as a function of field 1
capacity (Figure 66). The result is an improvement in the correlation coefficient over |
either of the plots shown in Figure 65. Similar resulis were also obtained for the 21 em

data as shown in Figure 67 .

5.3 SATELLITE PLATFORMS

Microwave observaiions of the earth have been conducted by both Nimbus 5
and Skylab sensors. Aboard Nimbus 5 was flown the 19.35 GHz Electrically Scanning
Microwave Radiometer (ESMR) and Skylab carried a 13.9 GHz Radiometer=Scatterometer i
(5-193) and a 1.4 GHz nadir~looking radiometer (5-194). *

During Skylab's June &, 1973 pass over a test site in Texas, soil samples were
collected by ground crews and later analyzed for their moisture contents (Eagleman,
1974). The test site was about 300 km in length, which for the 5=194 footprint of
approximately 120 km in diameter, corresponds to only 3 independent data points.
Successive data points contain about 94% overlap of the area seen on the ground.

Brightness temperature plotz against soil moisture (Eagleman, 1974) produce a correlation
coefficient of =0.97 with all the data inciuded. Since inherent in the data is of
least 94% correlation due to the overlaps, it is not possible to determine the correlation
with moisture content alone. Hence, $~194 data will not be reproduced in this
report.

At 13.9 GHz, 5=193 footprints were about 10 tHimes smaller than S=194,
thereby making it possible to investigate the sensitivities of the radiometer and the
radar to soil moisture content. Figures 68 and 69 are plots of the emissivity and the
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.

scattering coefficient derived from 5=193 measurements over the Texas site

(Eogleman and Ulaby, 1974). The moisture content value of each of the points
shown in the plots is an averoge of 2 to 3 soil samples gathered within the
approximately 100 kmZ footprint, Hence, some of the points may not necessarily

be good representatives of the moisture content ofthe entire footprint. Under these
circumstances, the correlations shown in Figures 68 and 69 are indeed very encourag=

ing.
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CHAPTERG .

SUMMARY AND CONCLUSIONS

This study was approached on the premise that an understanding of problems
inherent in the microwave approach to soil water content determination as well as
the development of an operationally efficient algorithm for an extraction of moisture
information from the microwave data will not be completely successful unless
consideration is also given to the major parameters of the soil involved, namely its
moisture and temperature regimes. This necessitoted a rather broad-based research
encompassing problems traditionally approached in several scientific disciplines.

To render the work manageable, mathematical models were employed wherever
possible. Furthermore, the scope weas limited fo several specific problems (section
1.2) and a set of environmental conditions, the major of which were bare soil in an
agricultural area, cloudless sky, high radiation regime, deep ground water level, and
absence of scattering of the microwave frequencies of interest. However, care was
taken to ensure thai the mathematical models reproduced reality reasonably well so
that data generated by the models could be considered representative of the actual
conditions. Soil moisture and temperature profiles generated by the models for
various conditions were analyzed at three frequencies (1.4 GHz, 4.0 GHz, 10.0
GHz) using a brighiness temperature model and, for a portion of the data,using a
coherent radiation model which computed an effective power reflection coefficient.
1t should be stressed that the choice of frequencies and incidence angle (0°) and

the emphasis on passive mode represent an attempt to accurately reflect the effect of
moisture and temperature regimes on the microwave signal, and consequently are not
intended to imply optimum sensor design criteria. The major results of this study can
be summarized as follows.

(%) A layered water balance model was developed which could

be used to predict daily soil water contents for I=cm increments

in the 0~30 cm depth soil zone within approximately 0.02 cm3/

cm3. The model was successfully tesied on four data sets. Additional
testing appears warranted, however, primarily to determine whether
the storage capacity values {(estimated here to correspond to a soil
tension of 0.09 bars) apply in conditions different from those under

which the four dota sefs were collected.
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(

i)

(iv)

(v)

Diurnal soil water content changes appear quite iarge near the
soil surface (0.125 cm3/cm in 0~0.5 cm layer if moisture
content is about 0,175 cm3/ cm3) but decrease rapidly with depth
so that at the depth of 2-3 cm, the diurnal range of moistures
becomes less than 0.03 cm3/cm3. It should be remembered that
these values were based on measurements of only one soil in four
different months (March, April, September, October). Although
the exact values may differ from case to case, it is apparent that
considerable near-surface diurnal soil moisture variation can
occur. This should be taken info account when estimating soil
moisture by real=time methods, particularly those which respond
primarily to surface and near-surface soil moisture.

In the case of bare soil, large soil moisture changes were found to
be confined largely to the top 30 cm of the soil, based on data
collected in Eudora silt loom. This was primarily because the water
lost by evapordtion originated near the surface, and the precipitation
amounts were on the average not sufficiently large{in spite of an
abnormally wet season) to penetrate into the deeper layers. Thus it
is concluded that under conditions of frequent precipifation, the
error in computed vertical moisiure distribution in o bare soil caused
by assuming zero evaporation from depths greater than 30 cm would
be sufficiently small or negligible under conditions similar to those
of the experiment.

If the effective precipitation Peff during a certain period exceeds
the storage capacity of the lower zone of the soil profile (depths
greater than 30 cm in this study), it moy be assumed that the lower
zone contains only the amount equal to the storage capacity at the
end of the period. The length of time needed for the excessive
water to drain out will vary, however, depending on the hydraulic
properfies of the soil (and on ground water level if present).
Moisture content near the surface, surface configuration, and
surface roughness all affected surface and profile temperature of a
bare soil in addition to the time of day. The variations were
largest af the surface. Although all the temperature fluctuations
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(vi)

(v

)

observed at the surface were propagated to greater depths, the
differences encountered there were smaller than those at the

surface; data generated by the soil femperature simulation mode}
indicated that at depths greater than 30 cm, diurnal soil temperature
variations can be expected to be around 5°C or less.

Microwave brightness temperature of a bare soil varied diurnally

in response o chdnging moisiure and temperature profiles. Large
soil moisture changes, such as rapid eévaporation loss following
precipitation, can cause greater diurnal brighiness tempesafure
changes than relatively large soil temperature fluctuations.

A detailed analysis of the microwave brightness femperatures and
associated moisture and temperature profiles revealed that even at
the lowest frequency (1.4 GHz ), the brightness temperature was
affected primarily by the air/soil discontinuity and much less so

by the subsurface soil properties. That is » the verticol soil moisture
and temperature profile variations, although generated so as to
represent relatively extreme conditions (for an agricultural area),
were not large enough to substantially influence the brightness
temperatures, For all frequency/moisture/temperature profile
combinations investigated, the major dielectric discontinuity
existed between air and the first soil layer which rendered the
surface and near=surface moisture content to have a major effect
on the brightness femperatures. Furthermore, a consideration of
dieleciric properties suggests that subsurface soif moisture gradients
would have to be in excess of those commonly found in a cultivated
soil in order fo produce reflections comparable to those at the soil
surface. Similar results were arrived at when effective power
reflection coefficients were computed for coherent radiation, such

as transmifted by radar.
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It is important to remember that the "surface layer domination”
: was established using o model which neglected scattering. A cursory
examination of the factors involved suggested that the most effective

scotierers in the soil would be dielectrically homogeneous soil clods
separated by aif spaces; the optimum clod size would depend on the
wavelength, Since it is not known to which extent such clods occur
under field condifions, the conclusions derived on the basis of the

brightness temperature model should not be considered final.

(viii) By combining water balance, hydrological, and microwave
remote sensing concepts, an algorithm was developed to
monitor soil water storage in the profile as a function of time
ond location. Suitable primarily for an agricultural area, the

algorithm could be used for the entire soil profile or for

e e e —r——— e

individual zones within the profile. It would require the
following input: hydrological soil group, sterage capacity :
of the profile or of individual zones, crop type, precipitation ;

? amounts and durations etecro logical variables needed for

| computing actual evaporation {evapotranspiration), and a rainfall
pattern as determined by the remote sensors.

{xi) Although active and passive microwave sensors have demonstrated
their sensitivities to soil moisture variations for bare and vegetated
fields, additional experimental work is needed before an optimum
set os sensor(s) parame*=rs can be defined such thai the effects of
soil surface roughness and vegeiation cover are minimized.
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APPENDIX A,

SOIL TEMPERA TURE SIMULATION MODEL

The purpose of the soil temperature model is to predict diurnal variations
of surface as well as subsurface temperatures of a bare soil. As stated in Chapter 3,
the prediction is accomplished by (i) computing the surface soil temperature as a
function of time, and (ii) using the surface temperature as a boundary condition to
solve the one~dimensional heat diffusion equation. These two steps are described

in the following sections.

A.1 DETERMINATION OF SURFACE TEMPERATURE

The magnitude of surface soil temperature at any time is governed by the
energy exchange at and near the soil surface. It is therefore possible to estimate
the surface temperature by determining magnitudes of individual terms in the energy

balance equation which, neglecting horizontal radiation terms, can be written os

Ry=H+LE+G,

N
where
RN= a Lo r
Sa =(1-a)Si,
Lo = Le -Li °
Therefore
S =L =H +LE + G, (33)
a o

(Individual symbols are derined af the end of this seciion).
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The longwave radiation coniribution o net radiation I‘o consists of fwo
parts, Le and L. If energy emitted by the surface L, is considered a function of

air temperature, then according to the Stefan=Boltzman law,

4

Le = Echa .

The energy emitted by a cloudiess atmosphere L, has been determined to follow the
relationship (Sellers, 1965)

Li = € (0.165 - 0.000769RH) .

For a cloudy sky a factor (1 - k;n) approximates the reduction of outgoing radiation
Le (Sellers, 1965), Furthermore, Sellers (1965) derived a correction factor to account
for the difference between surface and air (screen height) temperatures in computing
L . Combining the above formulas, L, can be computed as follows:

L = 4eoT> (T = T_)+e(l - kyn) (0.165 = 0.000769RH), (34)
o a ‘s a

-

Sensible heat H can be computed from the aerodynamic equation:

. 2 _
yoo pCpku (TS Ta)
(In <2 )
z
(o)
if
_ kzu
ORI
n z
o
and
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a (35)

then H =

The basic equation for latent heat flux LE calculation is given by

0.6229LD(e5'ez)a

LE = . (36)
P
As explained by Foster (1972), surface vapor pressure e, can be eliminated from
Equation (36) by employing a finite difference form of the Clausivs=Clapeyron
equation
0.622Le (T - T )
e.-e_ = so ' s o (37)
s sd R Ti

If e, is added to and subtracted from the left side of Equation (37) and the
equation is written in terms of (es - ez), the result can be substituted in Equation

(36) to yield

0.622 LD a j 0.622Le (T -T ) e
LE = +e -e Rl
2 a z ’
RT { RT 5 f
a a
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Parameter a in Equation (38) accounts for the reduction of potential
evaporation of the soil after moisture content decreases below a certain level,
It was assumed that actual evaporation AE equals potential evaporation PE if
moisture content is above soll storage capacity, and that the ratio AE/PE

decreases when moisture conient is below the storage capacity. Therefore

a=1if moza 0.955C02

To2 i )
= <= otherwise, (39
02

For a homogeneous semi=infinite soit, the soil heat flux at the surface G(0,F)

can be expressed in the form (Sellers, 19641

——y

/2 .
G(O,t)=AT°()\Cm)/ sin (wt+ 7~ ) (40)

provided that the soil is heated in a periodic manner so that surface temperature
follows Equation {41):

T, () = T, + AT_ sinut, (41)
The amplitude term AT _ can be removed from Equation (40) by using

Equation (41). Furthermore, Equation (40) can be monipulated to express G in

teems of (T.=T_). The resulting-equation will be

G (0,1) =0.7071 (AC w)"/? { 1+ (T,-T)#T_-T *“5,-(70'751)1-(42)

|
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Before the individual terms of the energy balance equation are combined
to yield a formula for Ts computation, Equation (34), (35), (38), and (42) will be
replaced by simpler expressions:

Lo=cl (Ts- Tq)+C2
H = c3 (Ts - Ta)
LE=C, (TS-TG) +Cy
G = C6 (TS - TO) + C7o

Then the surfoce temperature can be determined from Equation (43):

S -C,~-C~-C
T = T + =) 2 5 7 ,

5 e ]
C1+C3+ C4+C6

where:
C,= deo Tz ’
C2= e(1- kln ) (0.165 - 0,000769RH ),
pC D

Ca T"i';‘

0.38688 L2 D a e
CF T3 =
4 RE T

_ 0.622L D a (esu- ez)

5 RT ’
a

_ 1/2 , w+ 1
6= 0.7071 (AC w) (-——————m ) .,
T -T

= 0.7071 (1 C w)/? T, -T, +..9.5_5_L),

C

7
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( Individual symbols used in this section indicate the following variables:

i
et e 3 LA S S L A e o

a = ratio of actual and potential evaporation, dimensionless; ‘.
C = soil heot capacity, col/cms/ °c; *
C_ = specific heat of air, cal/g/°C;

D = transfer coefficient, cm/min;

e, = soil surface water vapor pressure, mb;

e, = saturaied wdler vapor pressure of the air, mb;

e, = actual air vapor pressure at the height z, mb;

G = soil heat flux, ly/min;

H = sensible heat flux, ly/mn,

k = vonKarman constant, dimensionless;

ky = cloud type coefficient, dimensionless;

L = latent heat of vaporization, cal/g;

L, = longwave radiation emitted by the soil, Ty/min;

LE = latent heat flux, ly/min;
; = counter longwave atmospheric radiotion, ly/min; ‘
o = oulgoing longwave radiation, ly/min; 3 3 ;

Myp = Overage moisture content in the 0-2 cm layer, em™/em’;

n = cloud cover in tenths, dimensionless; [

p = atmospheric pressure, mb;

R = gos constant, R = 2870.4 mb cma/g/ °k; :

RH = relative humidity, percent; f

Ry =  net radiation, ly/ min; z

S, = dbsorbed shortwave solar radiation, ly/min; s 3 §

SC02= average storage capacify in the 0-2 cm layer, em™/cm™; %

S, = incoming shortwave solar radiation, ly/min; |3

Ta = gir temperature, °k; } *

T, = surface soil temperature, °K; f
v = windspeed, cm/min;

z = height of meteorological measurements, cm;

z_ = roughness length, cm;

@ = soil albedo, dimensionless;
€ = infrared soil emissivity, dimensionless; 5
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AT, = surface temperature amplifude, OC;
A =  qppoarent sofl thermal conductivity, cal/cm/min/°C;
P = air density, o/ cma;
o = Stefan-Boltzman constant, o = 8,17 ly/ min/° K4;
w = angular frequency, radians/time ircrement.,)

A.2 DETERMINATION OF SUBSURFACE TEMPERATURES

Assuming horizontal uniformity and heat transfer by conduction only, the

1 change in soil temperature is described by (Sellers, 1965)

ﬁTa(fz,j) - sz ( D'(z)“éi_'f! y. (44)

If D'(z) is not constant with depth, Equation (44) cannot be solved
analytically. A numerical solution is available, however. Equation (44) can

be written in a finite difference form as follows {Richmeyer and Morton, 1967)

il i ozl oot
| SR LI SRR L RS 45)
| At (Az)? ’
where

D'(z)= soil thermal diffusivity, cmz/min;

i = depth increment sequential number;
i = time increment sequential number;
T = soil temperature,°C;

At = time increment, min;

Az = depth increment in the soil, cm.

Equation (45) can be solved provided both the initial temperature as a functicn of
depth and the temperctures at the upper (soil surface) and lower boundaries are
known as a function of time. If the last Az increment is located sufficiently deep
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below the surface, the lower boundary condition is constant. The upper boundary

can be computed as stated in the previous section, The initial temperature profile

can be measured or arrived at by simulation; the latter procedure was described in

section 3.2,

A.3 THE COMPUTER PROGRAM

Figure 70 is a generalized flow chart of the computer program for soil

temperature compufations. The governing time parameters are PERL (= length

of the period between measurements of meteorological parameters) and DT(=AY).

The number of intervals NHA for which soil surface temperature T will be

calculated is given by
NHA = 1440/PERL.

For the calculations described in this report, the values used were: PERL=10,

DT=2.5, piHA=144,

The soil variables needed are soil texture and moisture confent, bulk density,

field capacity, and initial temperature profile as a function of depth. The depth-

dependent parameters are specified for NL layers; the layers were assumed to be

2 cm thick in this study,

The site is described by latitude, declination slope and ospect. Besides

air temperature, relative humidity and wind speed at PERL increments, magnitudes

" th . .
of air pressure, surface roughness length, surface temperature for 0 h time increment,

and of the average daily surface femperature are required.

The computation for a given time increment proceeds as follows:

— hour angle;

~— incoming solar radiation (see below);

— albedo (from data given by Idso et al. (1975b));

— soil thermal conductivity and capacity (see below);
— surface temperature from Equation (43);

— profile temperatures in NTINC iterations using Equation (45); NTINC=PERL/DT;

— evaporation from individual layers in the 0 to 30 cm zone,

based on the method described in section 2.2,1.1 and lateni

heat computation from Equation (38).
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SITE VARIABLES
SOIL VARIABLES
PERL, DT, NL

NHA -— M44/PERL
NTINC — PERL/DT -

i1

TIME
AR TEMPERATURE
RELATIVE HUMIDITY
WIND SPEED
AIR PRESSURE

SUBROWTINE {_ . I™™ " SoLaR RADIATION |

RADIN

SUBROUTINE SOIL
TCOND THERMAL CONDUCTIVITY i

{ :

CONS, CAPS, I
Wes, sSti -

i
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i X
; A — v
L 1 =)

[compure swio, k-1 ne

L e T e T

Figure 70.  Flowchart for the soil temperature simulation
model .
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The computation of surface temperature requires knowledge of soil thermal
conductivity CONS, thermal capacity CAPS, and water content near the surface
WCS (Equation 42, 43). These quantities were calculated as an average of values
at the surface (computed by assuming constant gradient for the 0 fo 4 em depth)
and at the depth of 2 cm,

Solar radiation incident on a generally sloping surface was computed as

Q=QL0R+ QDF ,

where
QDR = SMT (cos (ZEN) cos(SL) + sin(ZEN) sin(SL.) cos(AZS - ASP))
pISZ ( 1+ (TC) (OM))
and

Qpp=.0:38 TC (cos (0:551))% (smT)
P
DIS (1 + ( TC) (OM))

where
SMT = solar meteorological constant, ly/min;
DI5 = radius vector of the sum, dimensionless;
TC = transparency coefficient for Kastrow's equation
(Sivkov, 1971), dimensionless;
oM = acltual optical mass of the atmosphere, dimensionless;
ZEN = zenith angle: (0° = solar noon), degrees;
SL = slope of the surface, degrees;
AZS = azimuth angle of the sun, degrees;
ASP =  aspect of the surface (0° = south=facing), degrees.

Derivations of the formulas and values of the various coefficients used in the solar
radiction computations can be found in Sivkov (1971), Sellers (1965), List (1951),
and Kondratyev (1969).
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Thermal conductivity was caleulated separately for each layer using the
procedure described by de Vries (1963; see also Wierenga et al,, 1969). The
basic formula is

n
20 kX (46)
i=0
A= ,

2 k. X.

1 1
where 1=

n = the number of different types of particles;

)(i = volumetric fraction of the i’ ) }?urﬁcles;

A, = thermal conduciivity of the V" particles,
The subscript i = O refers fo the continuous phase. Following de Vries {1963), the
continuous phase was water if moisture content was above 0,03 « IT cms/ o (T =
1 for sand, 2 for ioam, 3 for clay) and air if moisiture content of the layer was be low
this value. Besides air and water, two other kinds of porticles were considered,
namely quartz, and other mineral constituents; the reason for separating soil mineral
fraction into two groups was the difference in A, vetween them., Values of A for
all components were taken from de Vries {1963) for the temperature of 20°C;
temperature dependence of A; was not accounted for 'n the computations since it is
generally small. The thermal conductivity of air-filled pores was equal to the sum
of thermal conductivity of dry air, Agr and of Ay which dgccounis for the heat move=
ment by vapor phase across the gas=filled pores (de Vries, 1963). The value of A
was constant, while A, Was constant only above the field capacity; below field
capacity, ), decreased linearly to A for a dry soil, The values of k, were

computed as follows:

3 A

ki=—;~ Z‘ ° , (47)
= A, -
] A°+ ( i ?\0)91

where g. is a factor that depends on the shape of the irh particles, with g1 +9p+g3=

1. For solid particles, the values used were g =g, = 0.125, 9q= 0.750 (Wierenga
et al., 1969;. Valuves of gy and 9, for air particles were assumed to decrease linearly
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from 0.333 for water-saturated soil to some value ot field capacity and then linearly
to 0.013 for a dry soil; the value at field capacity depended on both porosity and
field capacity in the given soil layer, Formoisture contents below 0,03 * IT, the
soil therma! conductivity was defermined by interpolation between the A value af
0,03 = IT ond A for a dry soil; in accordance with the data by Skaggs and Smith
(1967), the A of a dry soil was first multiplied by a factor of 1.65,

Thermal capacity C was computed for each layer from the formula

C = 0,2 py+m, (48)

where
p. = soil bulk density;

5
m = moisture confent.
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APPENDIX B,
EXPERIMENTAL PROCEDURES

Data from three different experiments were used in various parts of this

study. Procedures employed to obtain these data are summarized in this Appendix.

B.1 EUDORA SOIL MOISTURE REGIME STUDY

This experiment was carried out on an agriculfural field*(latitude 38957.8'N,
longitude 95°08. 1'W; NWNENE36-125-20E) approximately 4 miles east from
Lawrence, Kansas. The experiment wos inifiated following wheat harvest and plow=
ing and progressed until tensiometric measurements had o be discontinued due fo
freezing temperatures.

The experimental site was located on the floodplain of the Kansas River;
consequently, the soils exhibit considerable spatial variability. Two soil mapping
units were identified at the site, nomely Eudora sitt loam and Kimo silty clay loam
(Dickey and Zimmerman, in press), The first soi! occupied a somewhaf elevated
ridge, while the second one was located in o depression; no sharp boundary existed
between them. Typical prefiles of these soils have been described as follows (Dickey

and Zimmerman, in press),

B.1.1 EudoraSilt Loam

In a representative profile the surface layer is very dark grayish brown silt
loam chout 12 inches thick. The upper part of the substratum is dark grayish brown
coarse silt loam about 36 inches thick. The lower part of the substratum is grayish
brown coarse silt loam thinly stratified with a few sandy and clayey layers less than
1 inch thick,

“The cooperation of Mr. A, Wichman is gratefully acknowledged.
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Eudora soils are very friable and easily worked. They have high natural
fertitity and available water capacity. Permeability is moderate.

Nearly all the acreage of these soils is cultivated. Eudora soils are well
suited to all crops commonly grown in the county. Also vegetable crops produce
well on these soils.

Representative profile of Eudora silt loam, 125 feet south and 50 feet west of
the northeast corner of Sec, 15, T, 125., R. 1%E., in a cultivated field:

Ap 0 to 7 inches, very dark grayish brown (10YR 3/2) silt loom;

moderate medium granular structure; very friable; mildly alkaline;
- gradual smooth boundary.

Al 7 to 12 inches, very dark grayish brown (10YR 3/2) silt loam;
moderate medium granular structure; very fricble; mony worm
casts; mildly alkaline; gradual smooth boundary.

Cl 12 to 23 inches, dark grayish brown (10YR 4/2); coarse silt loom;
massive; very fricble; many worm casts; mildly alkaline; gradual
smooth boundary .

C2 23 to 40 inches, dark grayish brown (10YR 4/2); coarse silt loam;
massive; very friable; few worm casts; at 33 to 34 inches a layer of
silty clay loam; mildly alkaline; gradual smooth boundary.

C3 40 to 43 inches, dark grayish brown (10YR 4/2); silt loam; massive;
very friable; mildly alkaline; clear smooth boundary .

C4 48 to 72 inches, grayish brown (10YR 5/2); coarse sil* {oam;
massive; very friable; some thin, less than 1 inch thick of sandy
ond clayey laoyers; mildly olkaline; strong effervescence.

The A horizon ranges from 10 to 20 inches in thickness. The A horizon

moy be dark grayish brown in areas where 6 inches or more of silty sediments were
deposited by the flood in 1951. The A horizon can be coarsesilt loam, loam or
medium sift loam. The C horizon is usually a coarse silt loam with some layers more
sandy or clayey texiures, Below 36 inches the texture can be coarse silf loam, loam,
very fine sandy loam, fine sandy loam or loamy very fine sand that is usually

calcareous.
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B.1.2 Kimo Silty Clay Loam

Representative profile of Kimo silty clay loam, 250 fxet north and 60 feet
west of southeast corner of sec. 7, T. 12S5., R, 20 E., in a cultivated field: !

Ap 0 fo 6 inches, very dark gray (10 YR3/1) heavy silty clay loam; . JJ
weak fine granular structure; firm; mildly alkaline; slight
effervescence; gradual smooth boundary.

Al 6 to 14 inches, black (10 YR 2/1) silty clay; weak fine and
medium subangular blocky structure; very firm; mildly alkaline; |
gradual smeoth boundary . o

A12 14 to 24 inches, very dark gray (10 YR 3/1) silty clay; few fine |
strong brown mottles in lower part; weak, fine, subangular blocky i
structure; very firm; mildly alkaline; clear smooth boundary.

AC 24 to 28 inches, dary gray (10 YR 4/1) light silty clay loam with g
some streaks and fingers of derker color; few, fine, strong-brown . :

mottles; some weak fine granular structure and massive; friable;

mildly alkaline; strong effervescence; gradual smooth boundary .

1c 28 to 60 inches, grayish brown (10 YR 5/2) coosse silt loam;
massive; very friable; mivdly alkaline; strong effervescence.

To monitor changes in soil moisture and meteorological parameters related

to these changes, the following instrumentation was used:

(i) Tensiometers were built using poly “nyl chioride (PVC) pipe
(Schedule 80, 1,27 em 1.D.), porous ceramic cups (manufactured
by R&) Ceramics, 2552 Cottage Way, Sacramento, Californis),
acrylic tubing (1.592 em O.D.), and transiucent nylon tubing
(0.107 ecm 1.D.,}). The porous cup and acrylic tubing were glued
with contact cement to opposite ends of the PVC pipe cut to the
required length. The nylon tubing was fit into a hole drilled
through the PVC pipe wall and glued. During the measurements,
the upper end of the tensiomefer wos closed with a neoprene stopper. j
Adl tensiomaters were tested for air leaks prior to installation. o ;

(ii) Rainfall gouge (diometer 10 cm).
(i11) Hygrothermograph with a weekly recording cycle.
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{iv) Anemometers af three heights (10 cm; 30 em, 300 cm).
(v} Pyranometer for solar radiation measurements; however,
the recording equipment broke down permanently after two

weeks of operation. i

The experiment was designed so as to encompass main sources of soil moisture '
variability, namely depth, time, distance, and soil type. Depth weas taken into 1
account by installing the tensiometers 10 em, 25 cm, 40 cm, 55 cm, 70 cm, ‘f "
85 ecm, 100 cm, 115 cm, 130 em, and 145 em ("complete" set) or 115 em, 130 cm, .
and 145 cm ("partial" set) below the soil surface. In either case, the nylon tubings
from all tensiometers of one set were fastened to a single meter stick and drew
mercury from one confainer. One complete and one partial set were installed 2 m :
apart onthe Kimo silty clay loam (="Site 3"). On Eudora silt loam, two complete sets 4
were installed 2 m apart ("Site 1") and an addittonal portial set was placed approximately

100 m away from the complefe seis ("Site 2). A dike (5 cm high above the soil

surface) was installed around all sefs to prevent runoff. A neutron probe access tube

T R L AT T

was inserfed at a 50 cm distance from each set; unfortunately, the neutron counts j

were found to give moisture contents incompatible with both tensiometric and |

gravimetric measurements as well as the precipitation history, and therefore had to

be discarded. 4 k
All tensiometers were installed 30 and 31 July, 1973, Subsequently, mercury .

level reading and precipitation were taken at approximately 0730 every day (period

8/2/73 to 9/6/73) or at intervals 1 to 3 days (9/6/73 to 11/3/73).
Six (on Site 1) and thiee {(on Site 3) undisturbed core samples 4 cm in diameter

and 10 em high were taken for moisture characteristics (i.e., tension vs, moisture
confent relationship) determination. Due to unavailability of suction plates,a

Soil Moisture Equipment Corporation pressure membrane extractor was adjusted for
measurements at low tensions by adding a water column manometer and an air pressure

manometer {pressure range 0 to 60 p.s.i.); water manometer was used for fensions up

to 100 cm, Each set of somples was placed on a pressure plate (maximum pressure 3
bars) into a larger basiny after slowly raising the water level within the basin so that

the samples were almost submerged, the basin was covered to prevent evaporation

from the samples, and the samples saturated for approximately 16 hours. Following
this period, the pressure plate with the samples were transferred into o pressure
cooker, closed tightly, and the pressure was set at 0,01 atmosphere. Subsequently,
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air pressure was increased to 0.02, 0,05, 0.1, 0.2, 0.5, 1.0 and 2.0 atmospheres;
when an equilibrium wes established foliowing every pressure increase, the outflow
from the cooker was measured and recorded. At the end, somples were taken out
weighed individually, dried af 105°C, and weighed again., Moisture characteristics
were then calculated from the final moisture content, measured cutflows, and from
the pressures applied. Difficulties were experienced in processing samples from Site
3, due mainly to their lower number and finer texture. Consequently, only moisture
data from Site 1 are presented here.

Tensiometric readings T (in cm) were converted into velues of suction S (in
cm) using Equation 49%:

S =12.6T~-13.6H-D+14, (49)

where H = height of the mercury leve! in the container above soil surface in cm;
D = depth of the porous cup below the surface in em,
Constant of 14 accounts for friction loss inside the nylon tubing.
Using the moisture characteristic for a given depth, moisture contents

corresponding to measured S values were determined for all mecsurements on Site 1
and 2,

B.2 PHOENIX EXPERIMENTS

Some data used in various parts of this study were generated during experiments
carried out in 1970, 1971, and 1973 in Phoenix, Arizona. The experimental condi=
tions we'e quite similar, however, and may therefore be summarized collectively.

The following information was provided by Jackson (1973) and Idso et al, (1974).

The emperiments were carried out on a 72 by 90 m field af the U. 5. Water
Conservation Laboratory in Phoenix, within which three lysimeters are installed.

The soil, Adelanto loam (fine=loamy, mixed, hyperthermic, Torrifluventic
Haplustoll), is fairly uniform to about 100 cm and has been cultivated numerous times

*Covurtesy of Dr, W. Powers, Department of Agronomy, Kansas State University,
Manhaitan, Kansas.
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during the past yeass. At the stort of each experiment, the lysimeters and surround-
ing area were irrigated with approximately 10 ¢m of water,

During the drying period, soil samples for gravimetric moisture content
determination were taken at frequent intervals for depths of 00,5 em, 0.5~1 cm,
1-2 em, 2-3 em, 3=4 cm, 4=5 c¢m, 5=7 cm, and 7=9 cm; the sampling was nof
begun until some drying had occurred, thus allowing access to the field, The
July, 1970, experiment was conducted between 10 July and 17 July, and sampling
was done at 0.5 hour intervals. In the March, 1971, experiment (March 3 fo
Apri! 8) measurements were taken from 5-18 March, 25 March, ond 8 April, also
at 0.5 hour infervals. In the 1973 experiments, samples were collected at 20
minute infervals, Jackson et al, (1973) estimated that the fotal error in resulting
moisture conient values was about +0.001 cm3/ cm3. Evaporation loss was measured
by lysimeters at the same time os soil water content.

Soil temperatures were measured by thermocouples at the soil surface and of
several depths below the surface. For example, in the September, 1973 experiment,
the interval between adjacent sensors was 0.5 cm (at depths less than 10 cm), 2 cm
(10 to 35 cm), 15 cm (35 to 65 cm), and 35 em (cbove 65 cm).

In addition to soil temperature and moisture, several meteorological variables

were measured: incoming and reflected solar radiation, net radiafion, air temperature,

atmospheric vapor pressure, and wind speed.
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