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CHAPTER 1

INTRODUCTION

Soil moisture conditions in the near surface soil regime are important
drivers tomany key hydrologic p.ocesses such as infiltration, moisture re-
distribution, and evapo-transpiration. Recent progress in microwave and thermal
inertia techniques show great promise as tools for defining the spatial as weil
as temporal variations in soil moisture. Most hydrologic models in present use,
however, were designed without recognizing the growth of remote sensing tech-
nology and are not structured to take full advantage of this information. In
fact, models were deiiberately simplified in their original development because
of the absence of spatial and temporal soil moisture information that remote

sensing technology may be able to provide.

The potential use of soil moisture measurements in the proper definition
of watershed rainfall-runoff predictions was demonstrated in a recent study by
Wi lkening (1981) using a physically-based mathematical! model to study the in-
fiitration process. The results of Wilkening's numerical simulations showed that
rainfall excess volumes from single event storms are quite sensitive to antecedent
or initial moisture conditions, especially in more frequent rainfall events.
Wilkening showed that rainfall excess predictions were quite sensitive to near
surface moisture conditions, soil hydraulic properties and storm characteristics
such as intensity, duration and temporal distribution. Using such a rigorous
physically-based model, the impact of initial moisture conditicns on the infiltra-
tion process and resulting rainfall excess can be properly represented. The use

of this type of model is not practical on a watershed scale, however, because



of the excessive computational costs involved in solving the governing physical
equations anl the large amount of spatially varying data required to represent
the response of soils including the soil moisture-retention curve, the

saturated conductivity and the unsaturated conductivity function,

Rather than attempt to directly incorporate rigorous, but cumbersome,
mathecatical models into applications oriented hydrologic simulation, an alternative
approach is to conduct numerical experiments with such models and analy:ze
the results to estaklish relatively simple functional relationships that
accurately describe infiltration capacity within some range of conditions.

These functional relationships, describing infiltration capacity in terms of
initial moisture conditions, general soil texture classifications, and accomodating
temporal rainfall variations, would be computationally efficient and could
significantly improve curreat infiltration components within both single =vent

and continuous simulation models. Iu particular, these theoretically sound,

yet simple infiltration models that logically incorporate the importance of

initial soil moisture conditions would be of tremendous value when interfaced

with accurate remotecly-sensed soil moisture measvrements made on watershed

basis.

Several efforts have conducted that use numerical simulations of theoretical
infiltration events as a toul to develop practical methods for use in watershed
analysis. Smith (1972), demonstrated a process of curve fitting to describe the
properties of a complex theoretical model of porous media flow. The para-
meters of a parametric equation were f£it to time varying infiltration capacity

curves that resulted from numerical simulations using experimental soil data



from several different soils. Bloomfield et al., (1981) used numerical simulations
to examine the validity of empirical equations relating infiltration capacity

to soil moisture storage in the upper soil zone. The Bloomfield group demon-
strated that serious conceptual errors .n traditional infiltration equations

could be improved when the parameters were fit to infiltration-storage relation-

ships derived from numerical simulations.

The objective of the present study was to develop a simple but theoretically
sound, infiltration model that defines infiltration capacity in terms of general
soil properties available from soil survey maps and near-surface initial soil
moisture conditions derived from some antecedent precipitation index, a model

state variable or, ideally accurate periodic remotely sensed measurements.

The approach was to use Richard's equation, describing unsaturated porous
media flow, to generate a synthetic infiltration series for an array of conditions
that could be encountered in the field within each of the SCS hydrologic soil
groups. The results are expressed in s general form similar to the infiltration-
storage approach used in many single event and continuous simulation models such
as USDAHL (Holtan, et al., 1973), HEC1 (U.S. Army Corps of Engineers, 1973),
Stanford Watershed Model (Crawford and Linsliey, 1966), and SSARR (U.S. Army Corps
of Engineers, 1972). Infiltration-storage relationships, in which the infiltration
capacity at any time within a rainfall event is defined as a function of the
volume of moisture stored in some upper layer, are widely used, especially in
continuous simulation models, because infiltration capacity can be related to a

period by period accounting of moisture within the model components.



CHAPTER 2
REVIEN OF THE INFILTRATION-STORAGE CONCEPT
WITHIN HYDROLOGIC MODELS

The infiltration-storage approach is examined by reviewing the functional
form in two different models: USDAHL and SSARR. The underlying assumptions
used in these models and all other models employing an infiltration-storage

approath are examined.
1. EXAMPLES WITHIN TWO HYDROLOGIC MODELS

1.1, USDAHL Model. Within USDAHL, ‘United Statzs Department of Agriculture
Hydrology Laboratory), an agricultural watershed model, Holtan's equation is

used to express infiltration capacity ... "as an exhaustion function of available
moisture storage in the surface horizon of a soil diminishing to a Yow constant
rate of intake associated with ding strata." The equation, based on physical

concepts as shown in Fig. 1, b. ..rived from field infiltration data is given as:
frnasytef (1)

where: f is the infiltration capacity, in in/hr;
Sy is available scil porosity, undepleted by moisture, in inches;
fc is rate of intake after prolonged wetting in in/hr;
a is a coefficient of pore space continuity, estimated as the product
of vegetative density of crop maturity and stage of growth.
A graphical representation of Eq. (1) #nd its estimation of a typical time varying

infiltration capacity for & soil subject to a steady rainfall is presented
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as Figure 2. The model rests on the premise that the major zone of hydrologiv
activity lies above sume controlling depth which controls profile drainage so ..
some potential storage volume, S, can be computed from total porosity and known

or assumed antecedent moisture conditions. In USDAHL, primarily used in agricultural
applications, the controlling depth, or impeding strata is considered to the

B-horizon in agricultural soils.

Extensive information relating the parameters to soil texture classes
are available through soil surveys of the Soil Conservation Service (SCS).
Values of fc, the steady state limiting drainage rate in the controlling
B-horizon, are given in Table 1 for each SCS hydrologic soil group. The
hydrologic capacities of teiture classes are defined in Table 2. The total
me! ..-e storage capacity, S, is “he difference between moisture content
t: .stusation and wilting point. The total storage is divided into large
pores, G, which are drained by gravity and plant available porosity, AWC, depleted
only by plant uptake. Using this approach the moisture-retention is defined as
three points: saturation, field capacity, and wilting point as shown in Fig. 3.
Urainage .nd plant uptcke are determined as a function of the current storage values
of G and ANC. The vegetative parameter, a, is defined in various landcovers in
Table 3. An advantage of this model is that the parameters can be estimated

easily when on SCS soil surveys are available.

1.2 Corps of Engineers SSARR. The SSARR (Streamflow Synthesis and Reservoir Regu-

lation) model is a nydrologic model of a river basin throughout which streamflow
can be synthsized. The model is structured around three main components: &

generalized watershed model, a river system model, and a reservoir regulation model.
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TABLE 1,--Hydrologic soil groups used by the Soil Conscrvation Service

Final constant
Hydrologic 1 infiltration
soil group Soils included rate, (fc), in./hr.

A (Low runoff potential) Soils having 0.30 -0.45
high infiltration rates even when
thoroughly wetted, consisting chiefly
of sands or gravel that are deep and
well to excessively drained. These
soils have a high rate of water
transmission.

B Soils having moderate infiltration 0.15 - 0.30
rates when thoroughly wetted, chiefly
moderately deep to deep, moderately well
to well drained, with moderately fine to
moderately coarse textures. These soils
have a moderate rate of water transmission.

C Soils having slow infiltration rates when 0,05 - 0.15
thoroughly wetted, chiefly with a layer
that impedes the downward moyement of
water or of moderately fine to fine texture
and a slow infiltration rate., These soils
have a slow rate of water transmission.
(high runoff potential)

D Soils having very slow infiltration rates 0 to 0.05
when throroughly wetted, chiefly clay soils
with a high swelling potential; soils with
a high permanent water table; soils with a
clay pan or clay layer at or near the sur-
face; and shallow soils over nearly imperv-
ious materials. These soils have a very
slow rate of water transmission.
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TABLE 2.--Hydrologic capacities of exture classes

Storage Large peres Plant-available
Texture class capacity S o porosity AWC

(percent) (percent) (percent)
Coarse sand 24.4 17.7 6.7
Coarse sandy loam 24.5 15.8 8.7
Sand 32.3 19.0 15.3
Loamy sand 37.0 26.9 10.1
Loamy fine sand 32.6 27.2 5.4
Sandy loam 30.9 18.6 12.3
Fine sandy loam 36.6 23.5 13.1
Very fine sandy loam 32.7 21.0 11.7
Loam 30.0 14.4 15.6
Silt loam 31.3 11.4 19.9
Sandy clay loam 25.3 13.4 11.9
Clay loam 25.7 13.0 12.7
Silty clay loam 23.3 8.4 14.9
Sandy clay 19.4 11.6 7.8
Silty clay 21.4 9.1 12.3
Clay 18.8 7.3 11.5

——————

| pn e —
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VEGETATIVE PARAMETER a IN INFILTRATION

EQUATION f = -s,l'

4

Land Use of Cover

Condition § Basal Area Ilating'

Fallow
Row Crops Poor
Small Grains

Hay (Legumes)

Hay (Sod)

Pasture (Bunch Grass)
Temporary Pasture (Sod)
Permanent Pasture (Sod)

Woods and Forests

After Row Crop

0O0000O0C0O00O

.10

10

.20
.20
.40

20

.40

80
80

After Sod
Good

=0 000000

.30
.20
.30
.40
.60
.40
.60
.00
.00

'Adjustnents needed for '"weeds'" and “grazing"

(from Glymph and Holtan, 16

11

-

0

2



ORIGINAL PAGE I3
OF PCOR QUALITY

Within the watershed model, watersheds are separated into relatively
homogeneous units for independent anaylsis before they are added to the
system. A major element of the watershed model is the soil moisture index
(SMI) which functions as an indicator of the relative soil wetness and is used
to determine runoff. The percent of the total rainfall input that becomes available
for runoff during some period empirically derived relationships of SMI vs. runoff
percent (ROP). Because runoff is expressed in terms of rainfall intensity, rain-
fall intensity may be included as a third variable in SMI-ROP relationships as
shown in Fig. 4. The total generated runoff for period (RGP) is computed as:

RGP = ROP x Pn (2)

where Pn is the net precipitation for the period.

The soil moisture index, a state variable representing current moisture
conditions in the upper soil layer, is updated for each period by:
= . . PH
SN]2 SMIl + (P“ RGP) 7 X KE X ETI (3)

where SHIl and SMI, are soil moisture indices at the beginning and end of
the period; PH is period length in hours; ETI is an evapotranspiration index,
in inches per day; and KE is a factor for evaporation reductions on rainy days.
When soil woisture conditions are approximately at the wilting point, the

SMI is a small number which yields little or no runoff. When precipitation
recharges soi! moisture, the value of SMI increases until it reaches a maximum

value considered to represent the soil field capacity and the runoff percent is

assumed to approach 100 percent.

The generated runoff for a period (RGP) represents not only rainfall

12
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FIGURE 4, THREE VARIABLE SOIL MOISTURE INDEX RELATIONSHIPS
DEVELOPED FOR BIRD CREEK. SMI (INCHES) vs. RAINFALL
INTENSITY (INCHES PER HOUR) vs. RUNOFF PERCENT

(U.S. Army Corps of Engineers, 1972)
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excess not entering the soil regiase but also subsurface (upper storage)
lateral flow and baseflow runoff. The partitioning of RGP into these three
components is accomplished through two additional empirical parameters: a

baseflow index and a surface-subsurface runoff ratio relationship.

2. EVALUATION OF INFILTRATION-STORAGE APPROACH

The USDAHL and SSARR models illustrate two methodologies for estimating run-
off for a time period by water budget accounting of moisture movement through
the various hydrologic components. In both cases, the infiltration capacity is
described as a function of the current soil moisture conditions (or at least a
parameter related to moisture conditions as in SSARR). This type of approach
is advantageous for several reasons:

1) Infiltration recovery during intermittant lulls in a rainfall event

or between rainfall events can be accounted for through soil drainage
and ET algorithms.

2) Infiltration capacity can be described for non-uniform rainfall

distributions.

3) Computations are much easier than s more rigorous mathematical

approach to modeling infiltration.

4) Difficult to attain soil data such as the soil moisture retention and

unsaturated hydraulic conductivity functions are not required to

estimate infiltration rates.

one of the key assumptions of the infiltration-storage relationship is

that infiltration capacity can be related to soil moisture storage without

14



regard to the vertical distribution of water in the soil profile. A result
of this assumption is the eiistance of a single-valued unique relation be-
tween the infiltration capacity and the volume of stored moisture in some
defined surface layer within a particular soil. For example, the estimation
of parameters in Holtan's equation is based on soil prcperties or, as with
the ROP vs SMI reltaionship in SSARR, calibrated with rainfall-runoff data
to cbtain unique infiltration-storage function particular soil or group

of soils within a watershed unit.

An examination of the above assumption was made by Bloomfield et. al.
(1981) usiny a numerical solution of the urnsaturated flow equation to model
sonded infiltration into a semi-infinite soil column. The results of a
series of infiltration simulations using a range of uniform initial moist-
ure conditions were expressed in terms of available storage in the soil.
An arbitrary effective depth of soil was chosen as 200cm and the initial
stored contents (USo) were calculated for each run as:

Uso = 200 (Oi - Or) (4)

where '1 is the uniform initial water content and ’r is the residual water
content following drainage. A maximum volume of available storage was

defined as:

MS-.x = 200 lenlx - 0 (5)

where @ is the saturated water content. To calculate successive store

contents, the following relation was used:

Ust+1 = Ust + AIt+1 (6)

15



where ust is the store contents at the end of time period t and ‘ItOI is

the infiltration volume in time period t+l.

Using Eqs. (4), (5), and (6), Blcomfield expressed the ponded infiltration
capacity for each initial moisture condition in terms of an infiltration-
storage relationship. Comparison of these relationships, shown in Fig. 5,
indicated that when the vertical distribution of soil moisture is considered,
the relation between infiltration capacity and soil water storage is not
wiique for the particular soil but is described by a family of curves dependent

on the initial soil water storage or initial uniform moisture content.

16




A1 (mm) por howr t.me prerod

FiGure 5.

ORIGINAL PAGE 19

OF POOR QUALITY
}.l:'-nln Run ?
w o :‘g-'o'g ’ Aun )
L I I )
Us 187 % Rur &
6 18
&0 Ve 126 Bun §
[ N I
Us, s 200
2}
o}
0
°e - o - -
UsS (mm)
r _“_ : [ ] -8 (¥ ]
VS /USMAL (mm ')
Solid linet indicate numerical results, dashed lines
predicted using (9) and (10).
( BLOOMFIELD, PILGRIM AND WATSON, 1981)
Nonun1QuE 2] - US RELATIONSHIPS

17



ORIG!NAL PAGE 13
OF POOR QUALﬂ1

CHAPTER 3
DEVELOPMENT AND USE OF REPRESENTATIVE INFILTRATION-STORAGE

RELATIONSHIPS FOR WATERSHED MODELING

1. GENERAL APPROACH

If infiltration estimates made using infiltration-storage retaionships
are to be improved, the work of the Bloomfield group shows that the para-
meters of the function should be defined not only for particular soil prop-
erties but also for various initial moisture conditions existing in the soil.
This improvement provided by inclusion of initial soil moisture in a
functional relationship definition of the impact of w tershed muisture cond-

itions on predicted rainfall excess volumes.

It is a difficult task, however, to detine the parameters in terms of
both soil properties and initial moisture conditions. For example, the
calibration of a simple empirically-basel infiltration storage equation for
a particular watershed would require rainfall-runoff data resulting from
an array of initial soil moisture conditions. Extensive field tests w~uld
be required to enlarge the already existing results of infiltrometer data
on field plots used to define parameters for various scil types (such as

Holton's eqguation).
Another approach, as used in the present study, is to use the theoretical

equations of unsaturated moisture flow to simulate rainfall infiltration

behavior for an array of different soils and initial moicture conditions.

18
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A similar approach was used by Smith (1972) to develop a parametric in-
filtration equation to describe the results of theoretical infiltration
simulations. By expressing the results in terms of general infiltration-
storage relationships, a serier of representative functions can be de-
veloped. These functions can then be used to define the dependence of

the infiltration-storage relationship on the initi=' moisture for the range

of conditions used in the numerical experiments.
2. DEVELOPMENT OF REPRESENTATIVE INFILTRATION-STORAGE FUNCTIONS

2.1 Infiltration Model. An array of infiltration events was simulated
using a mathematical model to describe rainfall infiltration into a semi~-
infinite soil profile. 1In theory, the one-dimensional infiltration capacity
at the soil surface is based on the vertical movement of moisture in the
near-surface unsaturated soil regime. Unsaturated moisture flow in a non-

swelling soil can be described by Richard's equation as:

? ?_, F17
C(ﬂn - 3—':1(\“ (-i-z- - 1) (7)

in which y is the so0il water pressure head (cm); C(y) ‘s the specific
moisture capacity defined as the slope of the moisture-retention curve;
K(¥) is the unsaturated hydraulic conductivity function and 2 is the depth

below the soil surface (cm).

The solution of Richard's equation requires the specification of boundary

conditions. The upper boundary condition at the surface until the socil be-

comes saturated and ponding occurs is:

19
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v

R=KW) ("; - 1) (8)

in which R is the rainfall flux at the surface. During this phase of the
infiliration event, the infiltration rate is equal to the rainfall rate.

After surface ponding occurs; the upper boundary condition becomes:
¢(0,t) =D (9

in vhich ¥(0,t) is the soil pressure head at the surface and D is the depth
of ponded water at the surface. During this phase, the infiltration capac-

ity, R is defined by Darcy's Law as:
R ==K 4-2 - 1) (10)

in which x' is the saturated soil hydraulic conductivity.

The lower boundary condition in the soil column can be denoted as some
depth, L, below the soil surface where the effect of the infiltration event
on the initial soil conditions can be assumed negligible. The lower boundary

condition becomes
viL,t) = y(L,0) for O< t< = (11)

The initial boundary condition is the initial volumetric moisture conteit

through the soil profile.

An implicit finite Adifference formulation of Eq (7) twas solved num-
erically subject *o the relevant boundary conditions. An implicit linear-
ization of the non-linear functions was made using the predictor-corrector

method. A complete explanation of the formulation of the model equations,

20
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the implementation of the numerical solution, and verification of the num-

erical solutions are given in Wilkening (1981).

The theoretical model predicts infiltration rates into a bare, non-
swelling soil based on the following input data: initial soil moisture cond-
itions in the soil at the beginnina of the rainfall event; a description of
the basic soil hydraulic properties given by the moisture retention function
and the unsaturated hydraulic conductivity function; and the rainfall hyeto-

graph.

2.2 Simulated conditions. A series of nu.arical simulations were run for

a wide veriety of soils with distinct hydrologic characteristics. Soils were
selected that are representative of each of the fovr SCS hydrologic soil groups
given in Table 1. The SCS classification is used extensively in many water-
shed mocdels because soils can be assigned to hydrologic soil classes based on
texture information from routine soil surveys. As mentioned earlier, the
basic description required for each soil consisted of the soil moisture re-
tention curve and the unsaturated hydraulic conductivity function. The
represontative soil properties were selected as follows:
A. A s01]l texture classification was chosen that was representative

of each SC5 soil group based on the description given in Table 1.

Because so many soils fall in the SCS B and C soil groups, two

s0i]l texture classes ware selected {or each of these hydrologic

classes. The soil textures selected for each SCS moil group are

given in Table 4.
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TABLE 4. REPRESENTATIVE SOIL PARAMETERS
58 53§ BF 2F =¥
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18 “or ~3 o= w 5
. St m e . o o
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:U: ° s" .: - el
e =4 2 2 s
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(1) (2) (3) (4) (5) (6) (7) (8) (9)
Soil scs _ _
Texture Hydroé:::; Soil f_ (cm/min) K (cm/min) Porosity,s . v, (1og) b Oc Oup
Loamy
Sand A 0.013-0.019 0.102 D0.410 1.78 4.38 0.12 0.05
Sandy
Loam B 0.006-0.013 0.043 0.435 7.18 4.90 0.20 0.09
Loam B 0.006-0.013 0.011 0.45 14.6 3.59 0.25 0.13
Sandy Clay
Loam Cc 0.002-0.006 0.007 0.42 B.63 7.12 0.25 0.15
Silty Clay
Loam C 0.002-0.006 0.004 0.477 14.6 7.75 0.32 0.19
Silty Clay D 0. -0.002 0.002 0.492 17.4 10.4 0.37 0.26
2
2]

(3) From Table 1.

(4)

From Rawls et al., 1981.

(5) (6) (7) From Clapp and Hornberger, 1978.
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Because of the variability of hydrologic properties even within
a soil texture class, representative moisture-retention curves
derived from a statistical analysis of desorption data (Rawls
et al., 1981; Clapp and Hornberger, 1978) were selected for each
soil texture class. An extensive compilation of hydrologic
properties was summarized and used to estimate the parameters of
the Birooks and Corey equation by Rawls et al., (1981). The B:ooks
and Corey equation provides a ressonable estimation of the y- g

curve for tensions less than 50 cm (Brakensiek, et al., 1981)

and is given as:
A
s. (.pb/w) (12)

where se is the effective saturation, y is the capillary pressure

head (cm), is the bubbling pressure (cm), and 2 is the pore size

Yy
distribution index. The parameters of an empirical power curve
were estimated for each soil texture by Clapp and Hornberger (1978)

based on desorption data by Holtan et al. (1968). The power curve

was defined as:

v o=y 68 )" (13)
where g, is the satur.ted water content or porosity; 8 is the water
content; and baoth ws and b are empirical parameters. In addition,

a parabolic modification of the power curve was proposed to account
for gradual air entry near saturation. The functions resulting from
Egs. (12) and (13) were compared for specific soil texture

classes and found to be very similar. The power curve, given by

Eq. (13) was used with representative parameter values in
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Table 4 from Clapp and Hornberger (1978). The resulting moisture-
retention curves are given in Fig. 6.

C. Representative unsaturated hydraulic conductivity functions were
described by a method proposed by Campbell (1974). The unsaturated
hydraulic conductivity function is described based on a knowledge
of the power curve describing the moisture retention function and

and estimate of K.. The equation is given as:
2b+3
K(y) = R'(G/G.) (14)

where K(y) is the hydraulic conductivity at a specified soil pres-
sure, y; and b and g. are defined as in the power curve jiven in
Eq. (13). An estimate of a representative value of K. for each
soil texture is difficult because of the large variations of this
property even within a soil texture class. A set of mean values of
saturated hydrsulic conductivity values for each soil texture class

given by Rawls et al. (198l) were used in this study.

For each soil given in Table 4, infiltration simulations were run for
a range of initial moisture conditions that would be expected to occur under
field conditions. Bo0il moisture conditions that were tested ranged from near
the wilting point to near saturation. Moisture conditions at wilting point,
field capacity and saturation, defined by the moisture retention curve are
given in Table 4. A summary of the simulated initial conditions is given in
Table 5. The vertical distributions in each initial moisture profile is as-

sumed to be uniform. The implications of this assumption are discussed in a

later section.
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FIGURE b, REPRESENTATIVE MOISTURE-RETENTION CURVES
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INITIAL MOJSTURE CONDITJONS SIMULATED

TABLE §

FOR EACH REPRESENTATIVE §OIL

ORIGINAL PAGE 18

OF POOR QuALITY

Soil SCS Group Initial Volumetric Moisture \ Saturation
Loamy A 0.24 59
Sand
0.58 23
Sandy B 0.28 64
Loam
0.40 92
Loam B 0.19 40
0.22 49
0.28 62
0.32 71
0.36 80
0.40 89
Sandy Clay C 0.22 52
Loam
0.30 71
0.38 90
Silty Clay
Loam c 0.25 52
0.35 69
0.45 94
Silty
Clay D 0.34 69
0.40 81
0.46 93
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2.3 Development of Infiltration-Storage Functions. The results of each

numerical simulation defined infiltration capacity as a function of time for

a particular soil, initial moisture condition and rainfall event. An ex-

ample of results of these simulations is shown in Fig. 7. where the infiltra-

tion capacity of a loam soil with an uniform initial moisture content of 0.28 cm/cm

is shown during three rainfall intensities.

Results such as those shown in Fig. 7 were expressed in an infiltration-

storage relationship as follows:

A. An incremented time period was defined for period by period
accounting of moisture movement. This time period should corres-
pond to the time period used to describe the hyetograph in the
particular simulation model in which the infiltraticn storage
relationship would be used. A time period of 15 minutes was chosen
as a representative value to be used in this study. However, in-
filtration-storage relationships could be developed from the simula-
tion results for any time period of interest. T.e time period is
denoted as At.

B. Two quantities were defined as follows. The depleted storage,

Ast, was defined as:

bst - !It (15)

where Ast is the total volumetric change in moisture storage
from initial moisture conditions at time t; and IIt is the total
volume of infiltration from the rainfall event at time t. The in-

filtration volume over a particular time period, A:t' is

t+At’
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INFILTRATION RATE, I (cM/MIN)
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- KS'O.Ol cM/MIN = 0,25 IN/HR
— poROSITY = 0.45 cM/cM

R*= 1,25 INHR

UNIFORM INITIAL MOISTURE CONDITIONS
o, = 0,28 cM/cM

R=1,0 INHR

R=0,75 IN/HR

0.03 -

0002 9

0.5 1.0 1.5 2.0

TIME (HRS)

FIGURE 7. TIME VARY'NG INFILTRATION CAPACITY
RESULTING FROM NUMERICAL SIMULATIONS
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defined as:

Al A8 (16)

t,teat ~ 08p4,e T 85,

where Astnnd AS are the depleted storage at the beginning and

t+At
end of the time period, respectively.

C. Using equations (15) and (16), the infiltration capacity over a time
step, ut.uht can be expressed as a function of the depleted stor-
age at the beginning of the time ntcp&st. An example of this
transformation is shown in Table & for the results of a particular
simulation shown in Fig. 7. From the numerical results, the cum-
ulative infiltration volume at 15 minute time increments are deter-
mined. Using Equation (15), Ast can be equated to the cumulative infil-
tration volumes as shown in Table 6, cols. (1) and (2). Using Eguation

(16), infiltration volumes over the time step are defined (col. 3).

The infiltration-storage relationships resulting from the rainfall
simulations for a loam soil with an initial moisture conditions of.0.28 om/cm
(Fig. 7) are shown in Fig.8. When the A - AS relationship is used to
describe the infiltration capacity, a unique function, such as shown in Fig. 8,
describes the infiltration behavior of a soil with a specific initial moisture
condition regardless of the rainfall rate. Of course, prior to surface
saturation and ponding, the infiltration rate into the soil would be limited

by the rainfall rate as shown in Fig. B.

The fact that the M - /5 relationship for a specific soil and initial

moisture condition is independent of the rainfall rate is significant because
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TABLE 6

INFILTRATION-STORAGE RELATIONSHIP
DERIVED FROM RESULTS OF A NUMERICAL SIMULATION

(1) (2) (3)
t (min) St{cl) 1(cm)
0 0

.786

15.0 0.786
0.539

30.0 1.325
0.405

45.0 1.730
0.347

60.0 2.077
0.310

75.0 2.387
0.284

90.0 2.671
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0 0.5 1.0 1.5 2.0 2.5

CHAN?E IN INITIAL MOISTURE STORAGE, S (CM)
CUMULATIVE INFILTRATION VOLUME)

FIGURE 8  INFILTRATION-STORAGE RELATIONSHIPS FOR A
LOAM soIL (e, = 0.28)
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it indicates that this function, derived from numerical simulations for a
specific rainfall rate, can be used to estimate infiltration capacity during
any specif{ied rainfall event. The hypothesis forms the basis for a simple

procedure to be presented in the next section.

The AI - AS functions resulting from a range of initial moisture conditions
in the loam soil are shown in Fig. 9. The family of curves are similar to
those presented by Bloomfield et al. (198l1) in Fig. 5 showing the impact of
the initial moisture condition on the structure of the infiltration-storage
function for a particular soil. The functions presented in this study are
different in structure from those developed by Bloomfield however, because
of the way that soil water storage is defined. As outlined earlier, Bloom-
field used equations (4), (5) and (6) to express I as a function of used
storage, US. The quantity, US, is a function of both initial moisture cond-
itions and a specified depth of available storage and, thus, the curves are

unique for the depth of storage that was assumed.

The curves shown in Fig. 9 are defined in a more general form by ex-
pressing infiltration capacity, AI, in terms of depleted storage which is,
by definition, the cumulative infiltration volum¢. In this format, the
curves can be applied to any specific watershed where the depth of avail-

able storage in the upper soil layer may vary.

The AI - AS functions are given in Appendix A for each of the six soils.

Functions ar. given for time periods of 15 minutes and 5 minutes.
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FISURE 9. INFILTRATION CAPACITY AS A FUNCTION OF DEPLETED SOI. MOISTURE STORAGE

0.9
Soil: SCS Hyd-.iogic Soil Group B
Representative Loam Soil
Ks = 0.01 cw/min. = 0.24 in/hr
0.8]

Volumetric moisture
saturation 0.45 ca/cm
field capacity 0.25 cm/cm

0.7 wilting point 0.15 cm/cm

Initial Uniform Moisture Conditions:

Curve Volumetric Moisture (cm/cm)

0.40
0.36
0.32
0.28
0.22
0.19
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DEPLETED STORAGE FROM INITIAL CONDITIONS As(cm)
(CUMULATIVE INFILTRATION)



3. USE OF INFILTRATION - STORAGE FUNCTIONS
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3.1 Example problem. The approach is best illustrated through the use of

an example given in Table 7. The illustrated rainfall hyetograph occurs

on an SCS B hydrologic soil witk an initial volumetric moisture cond-

ition of 0.28 cm/cm. Therefore, curve 4 for a loam soil (Fig. 9) is used

to estimate infiltration capacity throughout the event. The procedure is

outlined as follows:

1)

2)

3)

4)

5)

Columns (1) and (2) are defined by the rainfall hyetograph for

the specific problem. Column (1) is the time interval by 15 mir-

ute increments. Coluwn (2) is the volume of rainfall vccurring

during each 15 minute increment (for example, 0.26 in/hr x 15/60 x
2.54 em/in = 0.165 cm).

AS, in Column (3), is the volume of available storage in the soil
column that has been depleted at the beginning of each time inrrement.
By definition, AS = 0 at the beginning of the rainfall event be-

cause no storage has been depleted.

AI, in Column (4) represents the total volume of rainfall infiltration
during the time increment. Al is defined as a function of 45(Col. (3))
by using curve 4 in Fig. 9.

Q ‘n Column (5), is the rainfall excess volume over the time

increment (AR - AI) and IQ (Col. (6} is the cumulative rainfall
excess volume.

At the beginning of the 0,15 minute increment, no storage has been
depleted. Using curve 4, the infiltration capacity for 45 = 0
exceeds 0.8 cm, so the entire volume of rainfall, 0.165 cm, in-

filtrates into the soil.



Example:

Procedure:
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TABLE 7

EXAMPLE PROBLEM: USE OF Al - AS CURVES

Estinate Infiltration for Following Conditions:

1. Storm hyetograph

i 1.04
v 0.5}
2 _'\_l
¢ =
" 0.0
0 1 r § 3 hr.

2. Soil properties: SCS soil group B
{assume Loam soil)

3. Initial moisture conditions: 0.28 cm/cm
4. Assume unlimited depth of storage

Use representative infiltration-storage functio. to describe

infiltration capacity for this soil and initial moisture condition.

(1) (2) (3) (4) (5) (6) (7)
Time (min) AR/15 min AS(cm) AI/15 min Q(cm) 1Q(cem) 1Q(cm)
Interval (cm) (cm) numerical

0-15 0.165 0.0 0.165 0.000 0.000 0.0
15-30 0.165 0.165 0.165 0.000 0.000 0.0
30-45 0.240 0.330 0.240 0.000 0.000 0.0
45-60 0.240 0.570 0.240 0.000 0.000 0.0
60-75 0.630 0.810 0.555 0.075 0.075 0.075
75-90 0.630 1.365 0.400 0.230 0. 305 0.301
90-105 0.480 1.765 0.342 0.138 0.443 0.440
105-120 0.480 2.107 0.310 0.170 0.613 0.607
120-135 0.315 2.417 0.285 0.038 0.643 0.684
135-150 0.315 2.702 0.270 0.040 0.688 0.684
150-165 0.240 2.972 0.240 0.000 0.688 0.684
165-180 0.240 3.222 0.240 0.000 0.688 0.684
RAINFALL VOL=4.1l4cm=1.63 in RAINFALL EXCESS=0.69cm
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6) At the beginning of the 15-30 minute ,¢iod, 0.165 cm of storage
has been depleted as a result of the infiltration during the 0-15
minute period. Again curve 4 indicates that for AS = 0,165,
the infiltration capacity exceeds the rainfall rate, and the entire
rainfall volume infiltrates.

7) The above procedure is repeated for each time increment by adding
the infiltration volume, 4I, from the previous time step to the
cumulative depleted storage, 4S. The A1 - A4S curve is then used to
define the infiltration capacity for the current tim. step as a
function of 48,

8) In this example, all precipitation enters the soil until the 60-75
minute increment. At the beginning of this increment, AS = 0.810cm
and the resulting AIm (from curve 4) is 0.555 em. Therefore, the
infiltration rate is now limited by the soil capacity and the rain-

fall excess (Col.(5)) is 0.630 - 0.555 = 0,075 cm.

3.2 Comparison with Numerical Simulation. The results using this precedure

were compared with the infiltration capacity resulting from a numerical sol-
ution of Eq. 7 using the specific rainfall boundary conditions of this prob-

lem. The cumulative rainfall excess volumes at the end of each time increment
are given in Column (7) of Table 7. A comparison of Columns (6) and (7) indicates
that the use of the AI - AS relationship pro- 4ed results in very close agree-
ment with the numerical simulation of a specific rainfall event. The infil-
tration rate cruves from the numerical simulation and the infiliration-

storage method are shown in Fig. 10.
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TOTAL RAINFALL VOLUME = 1,630 1IN,

PREDICTION OF RAINFALL EXCESS
- INFILTRATION STORAGE METHOD @ = 0,271 1N, (16.6%)
- NUMERICAL SIMULATION Q@ = 0.269 1w, (16.5%)

1.0 . RAINFALL HYETOGRAPH

o= o e = [NFILTRATION-STORAGE METHOD

0.8, e s e« = NUMER ICAL SIMULATION

0.6 ;

0.“ b

0.2

0.0

i

00 05 1.0 1.5 2.0 25 3.0
TIME (HOURS)

Ficure 10, COMPARISON ?F ResuLTs USING INFILTRATION-STORAGE
ETHOD AND NUMERICAL SIMULATION
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4. CONSIDERATION IN ThE USE OF ll{!k!!&:!nu-"n'lﬁ. CURVES

The AI = AS curves were developed from numerical simulations for a
simplified soil system. In order to apply these curves in practical water-
shed modeling efforts, it is necessary to consider how to adjust the curves
to simulate conditions where the assumptions used in developing the curves
may not be valid. BSuch conditions might include the following: a) some
specified raximum depth of available soil storage; b) watershed moisture
accounting models with varying simulation time periods; c) a non-uniform
vertical distribution of initial soil moisture in the soil column; and d)
variability of important soil hydraulic properties such as the saturated
conductivity and porosity from the assumed representative values f+ a partic-

ular soil texture.

4.1 Maximum Depth of Storage. In most continuous simulation models, the

infiltration capacity is related to some defined mixiwum available storage
reflecting both the init.al moisture deficit and a finite depth of soil

as the estimated depth above some impeding soil layer of lower hydraulic
conductivity (the A horizon in agriculture). In some models, the maximum
depth is implicitly estimated in the form of an upper soil storage parameter

that is defined through empirical approach.

As mentioned earlier, the AI - AS curves were developed from numerical
simulations of infiltration into soil columns of unlimited depth of available
storage. Using this approach, curves developed have a more general nature

instead of being structured for a specific depth of storage. However, the
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curves could be applied to a watershed condition having a specified depth

of available storage by defining the maximum available storage as:

AR © (0. -8,)d (17)

in which 4 is the depth of available storage to surface infiltration. The
infiltration vapacity of the soil is then defined by the 4I - AS function
until 45, the depleted storage, approaches As-nx' At this point, the avail-
able storage in the upper soil zone is exhausted and infiltration capacity
must be defined in some other manner consistant with the structure of the
overall moisture accounting model. In Holtan's equation, for instance, the
infiltration capacity would be fc. the steady state limiting infiltration rate,
when surface storage becomes exhausted. In SSARR, when SMI reaches a maximum
corresponding to field capacity, all rainfall becomes either surface or sub-
surface runoff. From a physical standpoint, once the surface soil storage

is exhavsted, the infiltration rate would be governed by the saturated con-
ductivity of the surface soil layer of the impeding layer controlling drainage

from the surface soil storage layer.

Figure 11 shows how the general Al - AS curves for a loam soil could be
modified to represent a field condition where the available storage to a
surface layer of seven inch thick soi) overlaying an essentially impervious
lense. Vhen the storage of the seven inch layer of soil is exhausted, the
infiltration capacity goes to zero or becomes controlled by the more im-
peding soil. Using this type of modification, allows for infiltration cap-
acity to be described in terms of soil texture and the depth of available

storage which considers basin geomorphology and physiography.
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4.2 Simulation Time Period. The Al - 5 relationship is defined in terms
of a specific tire increment. In many instances however, it may be desirable
to estimate infiltration capacities based on some other accounting period
used within a particular watershed model. As Bloomfield, et al., (198l) pointed out,
it would be incorrect to merely use the relationship from one accounting
period to estimate infiltration volumes for another accounting period because
the AI - AS relationship is unique for the specific accounting period. The
impact of the time period is illustrated in Fig. 12 where the infiltration

capacity is expressed cm/hr for 15 minut. and 2 minute increments.

The 81 - AS functions were expressed for two time periods of 5 and 1%
minutes which were chosen tc be representative of the time intervals in
simulation models. In addition, time intervals of greater duration could be
handled by breaking each increment into one of the two increments for which
L1 - 45 function was defined. For example, if the simulation model required
hourly precipitation and evaporation data and rerformed hburly accounting »f
moisture movement, the rainfall hyetograph given in hourly increments could
be divided into 15 minute increments and the aprropriate function could be
used to estimate infiltration for successive 15 minute periods throughout the
rainfall event. Even if the overall simulation model uses time movements
of one hour or greater, it would be advantageous to estimate infiltration

capacity with more accuracy ovar shorter-time intervals.

4.3 Non-uniform Initial Moisture Profile. As mentioned earlier, the

A1 - pS relationships were developed for initial moisture conditions yertically

uniform throughout the soil regime. Without using such an assumption, an
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infinite number of iniiial conditions could have been used. Thus, the

Al = AS curves define the infiltration capacity for a particular initial
moisture condition throughout the entire soil column. Moisture conditions

are not necessarily uniform in the column and two questions arise. First,
just how important are remotely sensed measurements of soil moisture in the
top few centimeters of the soil given the uncertainty of the mcisture con-
ditions deeper in the profile which cannot easily be measured? Secondly, even
if such information on the distribution of initial soil moisture conditions

existed, what value wov)d it have in a practical modeling approach?

In order to answer the above questions we must consider the sensitivity
of the infiltration process to initial moisture conditions at various depths
in the so0il column. The problem is complex because of the variety of soil
properties, initial moisture conditions and rainfall conditions. A rational
examination of the theoretical infiltration process indicates the following:

1) The infiltration process is most sensitive to initial moisture
conditions near the surface because: a) the time to surface pond-
ing and initiation of runoff is controlled by the time required to
saturate s‘orage near the surface; and b) the infiltration capacity
during ponded infiltration is controlled by the moisture gradient
at the surface (Eq. 17).

2) The impact of the initial moisture conditions on the infiltration
process decreases with depth because the impact on surface ponding
and moisture gradient decreases.

3) Obviously, the deeper the wetting front moves into the soil, the
greater the impact of initial moisture conditions at some depth

below the surface.
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The above observations were examined for a particular soil using
numerical simulations. Pour initial moisture profiles all with a surface
soil moisture of 0.28 cm/cm are shown in Fig. 13 a: profile 1 represents
the case of a uniform initial moisture condition; profile 4 represents a
more rapid variation of initial moisture condition near the surface; and
profiles 2 and 3 represent intermediate cases. Infiltration capacity was
simulated for each initial moisture profile from a rainfall of 0.75 in/hr.
The resulting rainfall excess volumes for each initial moisture profile are
shown in Fig. 13 b at various stages of the rainfall. The results indicate
there is no significant difference between rainfall excess volumes resulting
from profiles 1 and 2 for any of the rainfall durations. The differences
resulting from profile 1 and both profiles 3 and 4 were very small for the
short duration events but increased as the rainfall duration increased and
the wetting front moved further into the soil. This is expected because
the initial moisture content will only affect the infiltration process near
the surface to a depth which has been reached by the wetting front. The
longer the infiltration event progresses, the greater the depth of initial
moisture will impact the process. Still, the rainfall excess produced by
profile 4 for the three hour event was less than 108 greater than that

estimate with profile 1.

This example represents one specific case and in no way should be
used to evaluate the impact of initial moisture at various depths for the
genarz]l case of all soils and initial conditions. The example discussed for
a loam soil, representative of an SCS B soil, indicates that surface measure-

ments are important even though there is uncertainty concerning moisture
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conditions at greater depths. Obviously, additional information on conditions
throughout the profile could imgrove infiltration estimates but these im-
provements may not be significant given other uncertainties in natural water-

sheds.

An examination of the physical principles driving the infiltration
process indicates that for a variety of soil textures, a knowledge of the
initial moisture conditions below a near surface region of the top 2-5 eom
may not be necessary for a good estimate of infiltration and resulting
runoff. In soils of high permeability, such as sand and sandy loam (SCS
A or B soils), the moisture front may advance into the soil rapidly and be
affected by initial moisture conditions at greater depths in the soil. How-
ever, in these soils, the hydraulic conductivity is large and dominates the
process resulting in a small runoff volume regardless of the initial moisture
conditions. 1In soils with lower permeability, clay and silt loam, for ex-
ample \SCS C and D soild), the moisture front moves very slowly into the
s0il because of the low hydraulic conductivity. Because the moisture front
advances slowly, initial moisture conditions at greater depths do not affect
the process. In these soils, the runoff potential is high and greatly im-

pacted by the initial moisture conditions near the surface.

In some cases, data may be available describing the distribution of
soil moisture with depth and the question arises as to the value of such
data in practical modeling. Such information as vertical distribution may

be available from: 1) more sophisticated remcte sensing techniques with
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longer wavelengths; 2) extensive surface measurements to greater depths
using theoretical models driven by soil texture properites and climatic

data; and 3) extensive field measurements.

The additional data could be incorporated into the infiltration-
storage approach if desired. The 41 - AS relationship resulting from
profile 4, (Fig. 13) is shown in Fig. 14. In the early stages of infil-
tration, the AI - AS curve follows the curve corresponding to e1 = 0,28
and as A5 increases the curve approaches the curve corresponding to § . 0.32.
We might attempt to represent this unique curve as a functicn of the curves
representing the two uniform moisture conditions. One simple approach
is outlined in Fig. 15. Starting with an assumed initial moisture condition
(Fig. 15 a), the profile is represented as a series of superimposed rectangular
volumes as shown >n Fig. 15 b. The maximum storage is calculated for each
volume as the mojsture deficit los -81) x the depth of the voclume element.
The AI - AS curve corresponding to the initial moisture content of the
first volume is used to calculate infiltration capacity until the maximum
storage has exceeded the first volume., The AI - AS curve for the initial
moisture condition of the next volume is then used to estimate capacity
until the maximum volume of storage has been reached. The A1 - AS curve
is first entered at a AS corresponding to the volume already depleted by
the preceding volume element (the area of overlap). The process could con-
tinue for as many volume elements as required. The resulting approximation
of the AI - AS function would be similar to that shown in Fig. 15 ¢. The

method assumes that one volume element is completely filled before moisture
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moves into the next element. This approximation would be most reasonable in
soils in which the moisture wetting front is very steep, such as sand and
loam, as opposed to silt loam or clay (see moisture-retention curves in

Fig. 6). In addition, this approximation would be most valid in a dry initial
condition where the wetting front tends to be steeper than in a wet initial

condition.

An example of the above procedure is shown in Fig. 16 for a particular
non-uniform initial moisture profile. The runoff volume resulting from a 3
hour rainfall of 0.75 in/hr (2.25 in. total rainfall) was calculated as 0.77
inches. This runoff volume corresponds closely to the vnlume of 0.76 inches
resulting from a numerical simulation of the actual initial profile. The
runoff volunes resulting from only using the ATl - AS curves for uniform initial
moisture profiles of 0.28 and 0.32 cm/cm weve 0.68 inches (11.6% error) and
0.83 inches (7.8% error), respectively. Although the example indicates that
the curve adjustments will work, the aifferences caused by the profiles in-
vestigated were relatively small. Because of the numerous other uncertainties
in a natural watershed, it is doubtful that the limited gains accomplished

by the more complex adjustments are worth the effort.

4.4 Variation of So.l Hydraulic Properties. The use of the I - S curves

assumes that the particular hydraul'c properties of the soil (Ks. Os, K-y, 8 -4
are eimilar to the representative values used in this study to derive the curves.
Unfortunately, field studies and laboratory tests have indicated that important
hydraulic properties such as Ks can vary significantly within soils of the same
texture class. Field data presented by Nielson et al., (1973) indicated that

the coefficient of variation (CV) in Is could be 508 greater within fields of
generally homogeneous soil texture. The effect of variation in K¢ on the

AI - AS relationship for loam and silty clay loam soils is shown
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» SCS B soil
* non-uniform initial condition
*rainfall
0.28 0.32 0.45 0,28 0.32 0.45
0 i d 0 . '
|
|
| | |
5 | | |
|
| | 7.5
10 ! |
I
15 |
I
Asl = (0,45-0.28) 7.5 - 1,28
Asl_2 + (0.32-0.28) 7.5 = 0.30
ASZ =
Time AR/15 min. AS 3 . Q IQ IQ (numerical)
(cm) (cm) (cm¥* (cm) (cm) (em)
0-15 0.476 0.0 0,476 0.0 0.0 0.0
15-30 0.476 0.476 0.476 0.0 0.0 0.0
30-45 0.476 0.952 0.476 0.0 0.0 0.0
45-60 0.476  (1.428-0.37)1.128 0,376 0.111 0.111 0.130
60-75 0.476 1.493 0.310 0.166 0.277 0.295
75-90 0.476 1.803 0.280 0.196 0.473 0.489
90-105 0.476 2.083 0.260 0.216 0.689 0.703
105-120 0.476 2.343 0.245 0.231 0.920 0.933
120-135 0.476 2.588 0.230 0.246 1.166 1.175
135-150 0.476 2.818 0.220 D0.256 1.422 1.425
150-165 0.476 3.038 0.217 0.259 1.681 1.682
165-180 0.476 3.255 0.210 0.266 1.947 1.931
IQ = 0.77 in. IQ = 0.76 in.

Fig. 16 Example - Use of Al -AS curves
for non-uniform initial moisture profile.
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in Figs. 17 and 18, respectively. For each soil, K, was varied from the
representative value by 2 one standard deviation assuming a normal distribu-
tion with CV of 508. Thus, in using the representative A1 - AS curves to
represent a particular soil within a watershed, we might expect significant
errors in the estimation of infiliration capacity due to the uncertainty

of these hydraulic properties.

The variation of s0il hydraulic properties within a soil texture
class must always be recogni:ied when attempting to predict runoff potential
of an ungaged watershed based only on SCS soil groups or scil texture classes.
However, ir many instances the representative AI - AS curves may prove
useful despite the problem of variability of soil hydraulic properties
within scil made for large ungaged watersheds where scils are categorized
according to SCS soil groups and surface moisture conditions monitored by
remote sensing. When a watershed is gaged with historical rainfall-
runoff data, or when more detailed information on soil hydraulic properties

are available, a different method may be more feasible.

A possible approach to incorporating the variability of hydraulic
parameters would be to generate a family of AI - AS curves using a Monte
Carlo simulation. Using this approach, the AI - AS relation for a part-
icular soil texture having specific initial moisture conditions would be
expressed as a probability function rather than one specific curve. Ideally,
such a probability function would include the effects of variation of hy-
draulic properties within the soil texture class. The number of simulations

vequired to develop such & probability function for each soil texture and
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FIGURE 17, EFFECT OF VARIATION ON Kg ON 81 = 45 CURVES FOR LOAM SOIL
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FIGURE 18, EFFECT OF VARIATION IN Kg ON 81 - 45 CURVE e
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initial moisture condition would be cxtrcnefy large. In addition, it would
be very difficult to represent the cumulative effects of yariation of many dif-

ferent hydraulic properties.

A more practical approach to including the effect of varying soil pruperties
within each texture class might be to use the Al - AS curves in a form similar
to that found in the Stanford Watershed Model (Crawford and Linsley, 1966). In
SWM IV, areal variations of infiltration capacities are defined by plotting
a cumulative frequency distribution of infiltration capacity as shown in Fig. 19.
In theory, this curve would result if a large number of simultaneous infiltrometer
measurements were made and plotted to show the percentage of watershed area with
an infiltration capacity equal to or less than the measured values. Within a
field of homogeneous soil textures, the variability could be largely attributed
to variations in soil hydraulic properties. If one wished to consider the var-
iability of Ks occurring within a texture class when estimating the infiltration
capacity using the A - AS functions, one approach could involve the following
steps: (shown graphically in Fig. 20)
1) From field data, estimate a theoretical distribution of KS values
within a particular soil texture class (Fig. 20 a).

2) In addition to the 4I - AS function already generated using the
representational Ks value, generate at least two more Al - A4S functions
with Ks varied from the representative value (Fig. 20 b).

3) For a range of AS values, Al is plotted for each Ks value as a

function of the fraction of the watershed unit assumed to have that

particular value of Kg (Fig. 20 c).
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Moisture =
Supply

Infiltration

0 25 50 75 - 100
Percent of Area with an Infiltration Capacity
Equal to or less than the Indicated Value.

(from Crawford and Linsley, 1966)

FIGURE 19, INFILTRATION APPROACH IN STANFORD WATERSHED MODEL
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(a) Assume distribution of
l' within soil texture.

(b) Generate Al - AS curves
for variation of K'.

(c) For a specific AS_, express
variation of Al over watershed
unit (following spproach of
SMM 1IV).

(d) Using &l relationship at Ast
and AR at time t:
Al = A

Q= A
AS

1

2

ey " Ast + Al

(e) Repeat Steps (c) and (d) for
‘std

Fraction of watershed with Al
equal to or less than indi..ted

valve when AS = Ast

a1
AR
.K\
A\
0 0.5 1.0

FIGURE 20, CONSIDERATION OF SPATIAL VARIABILITY OF KS WITH UNIFORM SOIL TEXTURE



4) The rainfall moisture suppiy AR is partitioned into infiltration volume
(the area under both the AR and Al curve) or runoff volume (the remain-

ing area under the AR curve) (Fig. 20 d).
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CHAPTER 4
APPLICATION OF INFILTRATION-STORACE METHOD IN WATERSHED

The infiltration-storage method presented in this study could be used

to improve estimates of the soil infiltration capacities which are crucial for
the accounting of moisture movement throughout a comprehensive watershed model.
A generalized flowchart of hydrologic processes occurring within a watershed,
in Fig. 21, shows how the infiltration component affects the flow of moisture
through the system. Regardless of the particular model structure, the division
of precipitation into surface and subsurface processed is an important element
in estimating surface runoff and updating soil moisture conditions that will

affect future events.

The infiltration-storage method may be useful within a new generation of
watershed moisture accounting models structured specifically to maximize the
benefits of remotely sensed data. This type of model is one ultimate goal
of current research efforts at RSSL and might be configured as shown in
Fig. 22. The key compcnents of the model would include:

1) A geo-referenced grid cell data base containiny spatially distributed
soil texture classifications obtained from soil survey maps; land-
cover information from Landsat and aerial photography; and other
ruelevant spatial data. Moisture accounting could occur at a spatial
resolution equal to that of the data base.

2) A continuous moisture profile accounting model for some defined upper
soil store zone affected by surface processes. The 104}1 component

would predict vertical soil moisture distributions snb?ict to ET and
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deep percolation and would be driven by periodic remotely sensed sur-
face soil ‘= peratures and moisture measurements and other available
climatic data.

3) The rainfall infiltration component which would provide the crucial
partitioning of rainfall into surface runoff and soil moisture re-
plenishment. The model component would predict time varying infiltration
capacity given a time varying rainfall hyetograph, a soil texture class-
ification, and initial soil moisture conditions. Initial soil moisture
conditions would be represented by either an initial soil moisture pro-
file accounting model in which the initial surface moisture is updated

by periodic remotely sensed measurements.

The A1 - 4S curves could be used to provide the infiltration component. The
approach is theoretically sound yet computationally simple enough to calculate
infiltration rates for many spatial units representing various soil texture

and initial moisture conditions in the watershed.

It is important to consider how existing hydrologic models could be
modified to gain the full benefit of remote sensing technology. These pos-
sible modifications are important because a significant effort has aiready been
invested in the development of accepted models and the missions of many organiz-
stions revolve around their use. In addition, the acceptance and justification
_gf a nev data source such as that offered by remote sensing will most likely
come as the utility of such data is demonstrated in current ID‘;;in‘ require-

ments. Incorporating the Al - AS curves into current models would provide a

simple, yet theoretically sound infiltration model that will logically incorporate
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the impact of antecedent soil moisture conditions on watershed response. The
operation of this type of watershed model would interface perfectly with the

anticipated capabilities of remote sensing measurements of surface soil moisture,

The effort involved in implementing the approach within existing models
would vary considerably depending on the particular model structure. For
example, within USDAHL and other simulations models using Holtan's infiltration
equation, it would be relatively easy to substitute the representative
Al - AS curves in place of the infiltration function described by Holtan's
equation. The reason is that both Holtan's equation and the representative
Al - AS curves relate infiltration capacity to the same physical quantitv, the
volumetric soil moisture storage in a defined upper soil zone. The oI - AS
approach could be impleréried using the FORTRAN subroutine given in Appendix B,
which calculates the infiltration capacity using tabular values of the
representative Al - AS curves given in Appendix A. Another approach would
be to fit the function described by Holtan's equation to the representative
Al - AS curves. The parameters of Holtan's equation would then be a function
of soil properties and initial moisture conditions. Bloomfield et al., (1981)
demonstrated this process by fitting two other infiltration storage equations

to theoretical infiltration-capacity curves for a specific soil.

The use of the representative A1 - AS curves within the SSARR model
u&bld be more difficult because of the mcdel structure. The moisture accounting
position of the model, shown within the box in Fig. 23, consistsq?f three
(abular functions vhich are used to separate infiltration and subsequent

percolation and interflow from immediate surface runoff. The runoff percent
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(ROP) vs soil moisture index (SMI1) table defines the amount ' rainfall

which infiltrates to satisfy soil moisture deficits. When the scil moisture
content reaches field capacity, the moisture deficits are considered replenished
and SMI reaches a maximum value, The remaining rainfall, defined as runoff
generated period (RGP), is then subjected to a baseflow loss considered to
represent percolation from the upper soil zone to a lower storage zone, The
loss is based on a table relating percent of surface runoff becoming baseflow
(BFP) to a Baseflow Infiltration Index (BII). The remaining generated
surface runoff (RGS) is further divided intuv direct surface runoff (R.; and
infiltrated interflow or subsurface runoff (RSS) according to a table
describing the surface-subsurface separation as a function of the total
runoff, RGS. The strategy is for these tables to bhe adjusted by the user to
fit the model response to rainfall-runoff historical data for a particular

watershed.

The structure of the moisture accounting component within SSARR does
not permit the direct use uf the A] - AS curves. For axample, the 4] - AS
curves could not simply be substituted for the ROP vs SMI table because the
ROP vs SMI table only defines the rainfall infiltration required to replenish
soil moisture deficits below field capacity. Additional surface infiltration,
becoming deep percolation and interflow, is considered in other tables.
The Al - AS curves, on the other hand, predict the total infiltration
capacity until the surface so0il moisture zone is entirely saturated. The
;hfiltrnted moisture would be subject to soil moisture repleni:ﬁient, deep

percolation and interflow,
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Further, the SMI only reflects variation in the soil moisture condition
between wilting point and field ceppacity. Peck et al., (1981) have noted that
an empirical relationship between SMI and remotely sensed soil mcisture could
be developed to make use of remotely sensed measurements. However, because the
SMI only reflects moisture variations between wilting point and field capacity,
additional moisture variations in the range of field capacity to saturation

measured by remote sensing could not be reflected in the SMI.

The use of the g - & curves within SSARR would require that the moisture
state variable be the actual mcisture content ranging from wilting point to
saturation rather than the current SMI. One possible approach to revising
the model structure is shown in Fig. 24. Tre Al - 45 curves would define tle
separation of surface runoff, RS, from the total rainfall infiltration at
the soil surface. As long as the average moisture condition was less than
the field capacity, the rainfall infiltration would be considered to replenish
soil moisture deficits in the surface zone. Additional infiltrated moisture
exceeding the soil field capacity would be subiect to deep storage percolation
(BF) and near-surface lateral flow and inte (RSS). An additional table
would define the division of base flow (BF) and .nterflow (RSS) as a function

of the soil moisture storage exceeding the soil field capacity.

- In using this approach, the division of rainfall into repleniched near-
surface soil moisture, surface runoff, interflow and baseflow is accomplished

through two tabular relationships rather than the current threeé tables. In

addition, both relationships wu.'d be a function of a single sYate variable,
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volumetric soil moisture content rather than the two variables SMI and BII,

The first table (A - AS curves) would be defined by the soil texture and the
current moisture conditions at the beginning of the rainfall. The second
table is more empirical in nature and would need to be defined through a

calibration process using rainfall-runoff data from the particular watershed.

v
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THOUGHTS ON PROBLEMS OF SPATIAL VARIABILITY

The technique presented in this paper and illustrated in Table 7 estimates
infiltration capacities at a point. Representative soil hydraulic properties based
on the SCS soil groups and a recntely sensed estimate of the surface soil moisture
serve as inputs to the model. As shown in Fig. 25, taken from a parallel study
conducted by Wilkening (1981), significant errors can result if the estimate of
surface soil moisture is in error. Figure 25 is based on a correct surface soil
moisture of .25 cm/cm. If the hydrologist incorrectly assumes the soil moisture
to be higher or lower, he would get the indicated error based on experiments » ith
numerical solutions of the Richard's equation. For example, when the moisture
content is actually .25 and he incorrectly estimates it to be .28 for an analysis
with the Richard's equation, he would compute the surface runoff to be approximately
60% higher than actual for a rainfall of 5.1 cm (2.0 inches). Similar patterns

are encountered for improper estimates of hydraulic conductivity, porosity, etc.

It is widely recognized that even though a soil type may be considered to
be relatively homogeneous, significant variations in soil moisture and hydraulic
properties over an area can be expected to occur. The sensitivity illustrated
by Fig. 25 and the recognized ratura’ spatial variability in soil moisture ana
soil properties can be quite important in developing a spatiully distributed
hydrologic model. The general approach iy a hydrologic model is to compute a
represertative infiltration rate and rainfall excess for a discrete areal unit
r;ihcr than for a point. The trends exhibited by Fig. 25 can be_gsed to
estimate the spatial resolution or cell size to be used in a distributed hydro-

logic model.
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Figure 26 is an idealized representation of a watershed, Two tributaries

merge into a aain channel draining a watershed having a soil of generally uniform
texture. There is, however, spatial variability in soil moisture and hydraulic
properties. Because of variations in the land use and structure of a micro-
drainage network, the hydrologist may want to represent the watershed as an
array of cells linked in accordance with Fig. 26. However, if one uses a
mean soil moisture measurement from some remote sensing platform or a mean
hydraulic parameter based on the soil texture, l;rgc errors in the estimate of
rainfall excess may result in many of the cells because of *he inherent spatial
variations of these parameters. As the cell size is increased, however, the
resulting areal average of the soil moisture within the cell should approach
the mean as a representative value. Thus, the desired spatial resolution may have

to be increased to that shown in Fig. 26b in order to maintain some level of

precision in the estimate of the rainfall excess.

This concept of defining errors in terms of spatial resolution has been
examined, on a preliminary leyel, using field data representing an example of
s0il moisture variation within a 23 acre watershed instrumented by the USDA
in Chickasha, Oklahoma. The watershed is well-managed pasture with soil variations
occurring within one soil texture class. Soil moisture conditions in the top

five centimeters were represented by the contour map shown in Fig. 27.
Using a 17 acre rectangular area within the watershed, a 48x48 retangular

grid matrix was overlaid onto the contour map and encoded cell by cell to

represent the moisture variation as an array of 2034 celis. Each cell was
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FIGURE 26. IDEALIZED SPATIALLY DISTRIBUTED WATERSHED
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approximately 7 m x 4 m and represented about 0.04% of the entire 17 acre area.
The mean soil moisture was calculated as .25 cm/cm and the coefficient of

variation was 14% for this data set.

Because the contour map only reflects general trends in moisture variation,
two additional distributions with coefficlents of variation of 17V and 24\ were
derived from the original matrix of cells by allowing each moisture value to vary
by introducing a random component through the use of a Markov chain. Figure

28 shows the symbolic maps for coefficients of variation of 14% and 17%,

Assume that the hydrologist wants to represent this watershed as a
spatially distributed hydrologic model arranged as an array of cells. The rainfall
excess in each cell will be computed based on the use of the mean soil moisture of
.25 cm/cm. However, we do not want the computed rainfall excess to deviate from
the actual theoretical rainfall excess by more than 10% in any cell. If we use
the three hour storm of Fig. 25, we can accept an error of +0.03 cm/cm (Range:
«22-,28cm/cm) in the soil moisture and still es'imate a rainfall excess that will
be within 10% of the correct valve. Thus the question becomes, how large must our
spatial resolution element be in order that the average moisture within the

cell be wihtin 2.03 cm/cm of the mean soll moiisture.

By aggregating the cells into nev spatial units such as 2x2, 3x3, 6x6, etc.,
matrices some interesting insights were gained. For the area having a coefficient
of variation of 14%, if we attempt to model infiltration in each of the 2304 cells
based on the assumption that the mean soil moisture of .25 is representative for
that cell, the computed rainfall excess would be in error by more than 10% in 40%

of the cells. If the spatial resolution were increased to .13 acres (.75% of
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the total area) 33V of the cells would exceed the 100 error limit,
If the resolution was again increased to .51 acres (3\ of the oyerall area) 20%
of the cells would exceed the limit. Finally, if the cell resolution was
increased to 1.87 acres (11% of the total area) the rainfal) excess would be
predicted within 10% of the actual values in all of the cells. In similar

examinations for the coefficients of 17V and 24% results were nearly identical.

It is recognized that this examination of spatial variability is very
preliminary and that significant additional work must be undertaken. However
it does illustrate an important consideration that hydrologists are going to
have to make when they consider structuring spatially varied models. For
example, suppose the resolution element of a sonsor estimating surface soil
moisture is limited by technology or economics to a .5 kilometer square.
This would give an area of .25 kilometers or approximately 62 acres. Thus,
the sensor would give us the mean soil moisture for a 62 ucre cell. The
hydrologist could use this mean soil moisture as the input to the model il-
lustrated in Table 7 to develop the rainfall excess as for a spatially dis-
tributed model having 62 acre cells. However, he would have to lock at the
coefficient of variation and consider the problems outlined in this chapter
if it was necessary to further subdivide the watershed into smaller cells to

simulate the consequences of spatial variability in other hydrologic processes.
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CHAPTER 6 OF POOR QUALITY

CONCLUSIONS

Rainfall infiltraion rates are sensitive tc the antecedent soil moisture
conditions and the hydraulic properties of the soils. These sensitivities
have been investigated through the use of numerical solutions of partial
differential equations that describe flow through unsaturated porous media.
Although these numerical solutions provide good estimates of the infiltration
rates under a varlety of conditions, their use in practical hydrologic models
designed to simulate watershed runoff is prohibited by the complexity of their

solutions and extensive compJtir running times.

A series of functional relationsh.ps are presented that allow the
estimation of time varying infiltration capacities for an array of initial
moisture conditions and scil hydraulic properties. The procedure was
developed using numerical experiments with the Richard's equation for
initial moisture and soil textures t’at can be expected in watershed hydrology.
The app-dach is designed to utilize remc.c¢ sensing techniques to define the

ihitial soil moisture and Soil Conservation Service soil survey maps to

estimate the soil properties.

Examples are presented that show infiltration rates predicted by this
gplltively simple technique comvare very closely with those computed with
numerical sensitivity to the initial soil moisture centers on that moisture
stored in the surface layer, approximately five centimeters, of the scil

column, Below that, there is an influence created by variations in the soil
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moisture profile, but the impact of the profile yariation is relatively amall

by comparison with other uncertainties that one would expect in the watershed.

The procedure presented has several key advantages: 1) 1t is straight
forward and can be implemented by the practicing hydrologist using a desk
top procedure or a very efficient computer program; 2) it follows the familiar
infiltration-storage concept and, therefore, can be bridged into
a number of current model methodologies; 3) it logically incorporates the
impact of initial soil moisture conditions on the watershed response in terms
of the physical principles governing the process; 4) the parameters are physically
based and can be defined operationally from the SCS hydrologic soil group
classificaiions presented in soil survey maps; and 5) it is structured to
utilize near surface soil! moisture that can be developed from remote sensing

techniques.
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RECOMMENDAT IONS

The following recommendations might be considered for the further develop-

ment of the approach taken in this paper:

1) An attempt to wodify the infiltration components within several
current models such as USDAHL and SSARR and then apply these models
to watershed applications wuuld be worthwhile. Such an effort would
indicate the amount of work required in replacing the current
infiltration component with the AI - AS curves. In addition, the
real benefits could be evaluated in watershed applications.

2) Finally, an attempt could be made to develop similar approaches
for a more complex representation of the soil system including:
stratified soil properties within the soil column; vegetative root
zone and surface landcover effects; the spatial variability of mois-
ture conditions and soil properties even with a "homogeneous"
modeling unit. Attempts could be made to apply the Al - AS curves
given in this study to more comple ' systems. For example, perhaps
a combination of functions coild be used to represent a stratified
soil system. In addition, a more complex theoretical model might
be used to incorporate the effects of surface vegetation =uch as
the finite element solution given by Neumann et al., (1975) and

Feddes et al., (1978).
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APPENDIX A:

REPRESENTATIVE AI - AS CURVES
FOR THE FOLLOWING SOILS:

Texture SCS Soil Group
Loamy Sand A
Sandy Loam B
Loam B
Sandy Clay Loam C
Clay Loam C

Silty Clay D
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Loamy Sand (SCS A)
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Loamy Sand (SCS A)
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15 Minute Increments

SANDY LOAM (SCS B)

Ky = 0.043 cw/min = 1.02 in/hr
porosity (0’) = 0.435 cm/cm
field capacity “fc) = 0.20 ca/cm

wilting point “'I’) = 0.09 ca/cm
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Soil: SCS Hydrclogic Soil Group B
Representative Loam Soil
Is = 0.01 cm/min. = 0.24 in/hr

Volumetric moisture
saturation 0.45 cma/cm
field capacity 0.25 cm/cm
wilting point 0.15 ca/ca

Initial Uniform Moisture Conditions:
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Sandy Clay loam
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a1, INFILATRATION VoL (cM) /5 MINUTE INCREMENT

CLAY LOAM (SCs C)

S5 Minute Increments

CURVE ANTECEDENT SOIL MOISTURE
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SILTY CLAY (SCS D)

K_ = 0.002 ca/min = 0.047 in/hr
porosity (0) = 0.48 cu/ =
field capacity (9g) = 0.37 cx/cm Z 0
wilting point “'P) = 0.26 cm/ca

CURVE ANTECEDENT VOLUMETRIC MOISTURE
1 0.34
2 0.40
3 0.46

a1, INFILTRATION VoL (cM) / 15 MINUTE INCREMENT




a1, IFILTRATION VoL (M) / 5 MINUTE INCREMENT

U-m

0.2

L

Y

SILTY CLAY (SCS D)

5 Minute Increments

CURVE ANTECEDENT MOISTURE
1 0.34
2 0.40
3 0.46

ALTYND ¥00d 40
$! 39vVd TuNIDINO



APPENDIX B:

FORTRAN PROGRAM USING TABULAR
VALUES OF 1 - S CURVES
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