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A simplified model for the transient water budget
of a shallow unsaturated zone
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Abstract. A simplified model describing the transient water budget of a shallow
unsaturated soil profile is presented and applied to an example of long-term climatic
conditions for a site near Coshocton, Ohio. Its conceptualization is simplified because the
instantaneous redistribution of infiltrated water in a uniform soil profile is imposed. The
model’s formulation is a revision of that originally presented by Kim et al. [1996]. Runoff
from a soil profile with uniform hydraulic properties is described by using an infiltration
equation derived by Salvucci [1996] for ponded conditions. During storm periods the
infiltration rate equals the rainfall intensity, unless that rate exceeds the saturated
hydraulic conductivity, and then the input rate is determined by the infiltration equation
for ponded conditions, with the excess applied water being accounted for as runoff.
During interstorm periods, when the soil profile is drying due to evapotranspiration (ET)
and drainage, the ET rate equals the potential evapotranspiration rate £, until the soil
profile relative saturation s drops below a certain falling value of saturation S;. When

s < S}, then the ET rate is linearly proportional to s as given by (s/S;) E,. Drainage flux
from a profile equals the hydraulic conductivity under a unit hydraulic gradient. Drainage
for a 50-year-long record of climate on a daily basis for the Coshocton site compared well
with measurements from four lysimeters. It is shown that the effective saturated hydraulic
conductivity for the profile is determined by the runoff amount over the simulation period,
and the value of S, can be set so that the predicted drainage approximates that measured
by lysimeters. This determines the appropriate cumulative ET for the site consistent with
the climate data. The appropriate value of S, also depends on the presumed profile depth,
which is the plant root depth over which ET is extracted.

1. Introduction

A water budget model for an unsaturated soil profile is
commonly used to predict the partitioning of applied precipi-
tation into infiltration and runoff and to determine the deple-
tion of stored water by evapotranspiration and by drainage
below a specified depth, usually the plant root zone. Such a
model is useful when estimating groundwater recharge or the
flux of water that may transport a dissolved contaminant into
the groundwater. This paper describes a conceptually (and
mathematically) simplified water budget model that uses a
simplified description of subsurface hydraulics in conjunction
with site climatic data and an estimate of potential evapotrans-
piration.

Dose assessment modeling conducted as part of U.S. Nu-
clear Regulatory Commission decommissioning analyses fre-
quently requires estimates of contaminant transport from a
source of residual radionuclide materials through the unsatur-
ated zone to groundwater [Meyer et al., 1996]. The flux of water
that may transport the radioactive materials to the groundwa-
ter (the drainage) is often a significant factor in the estimated
dose from a site. As a result of temporal variability in climate
and uncertainties in the soil properties and vegetation at a site,
the appropriate drainage flux may be uncertain. The need for
a simplified method to estimate the transient drainage and its
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uncertainty motivated the development of the water budget
model described here.

Typically, a numerical solution of Richards’ unsaturated
flow equation is used to find the detailed water balance for a
soil profile having well-delineated hydraulic properties [e.g.,
Fayer et al., 1992]. However, detailed data on the soil hydraulic
properties and climate may not always be available to perform
such an accurate simulation of a water balance. In addition,
computational requirements may preclude a numerical solu-
tion in some cases. Several analytical or approximate solutions
of Richards’ equation have been derived [e.g., Warrick et al.,
1990, 1991; Sander et al., 1991; Smith et al., 1993]. These ana-
lytical solutions are often limited by restrictions on the form of
the soil hydraulic characteristic functions (e.g., as used by
Broadbridge and White [1988]), or by use of an unrealistic
surface evaporation boundary condition, or by a poor descrip-
tion of plant evapotranspiration, which acts as a sink term
throughout the soil profile.

Marani et al. [1997] recently discussed hydrologic partition-
ing related to water balance modeling. That modeling study,
however, was focused on an equilibrium description of the
water balance. Kim et al. [1996] formulated a simplified, tran-
sient water budget model that uses the Brooks and Corey [1964]
soil water characteristics and describes plant evapotranspira-
tion as a sink term withdrawing water from the entire soil
profile. Kim et al. [1996] demonstrated that water budget pre-
dictions for a variety of soils and climatic conditions compared
favorably with numerical solutions of Richards’ equation. In an
application to a long-term lysimeter record, however, we found
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that the model of Kim et al. [1996] underestimated the long-
term evapotranspiration occurring at the site and significantly
overestimated the drainage. Modifications to the model of Kim
et al. [1996] to provide a more realistic and flexible represen-
tation of evapotranspiration are discussed below.

An alternative solution for the infiltration component of the
water budget model is also presented. The infiltration equation
recommended here is based on the derivation given by Salvucci
[1996], and runoff is described by using the concept of the time
compression approximation procedure, as discussed in detail
by Salvucci and Entekhabi [1994]. Although there are issues of
whether Salvucci’s [1996] infiltration equation is the most ac-
curate solution of Richards’ unsaturated flow equation for
ponding conditions [Parlange et al., 1998; Salvucci, 1998], the
modification presented below to the equations given by Kim et
al. [1996] treat more accurately the long-term behavior of
infiltration for purposes of accomplishing simplified modeling
of a water budget subject to arbitrary size rainfall events.

One weakness of a simplified water budget model is that it
must be supplied with effective hydraulic property values (ap-
propriately averaged values) to make it comparable to actual
sites where properties vary spatially [Kim and Stricker, 1996].
When hydraulic properties vary at a site, it is not apparent
which parameter values to select to accurately model the water
budget in a deterministic way. Moreover, the directly measured
hydraulic properties for a particular site may not immediately
provide the most appropriate parameter values to employ in a
simplified water budget model. The appropriate effective
model parameters may be best determined by matching the
long-term water budget predictions with measurements of wa-
ter budget components, especially by matching the drainage,
when actual evapotranspiration is not available. The estima-
tion of the appropriate effective parameters for the simplified
model described below is demonstrated for a specific site
(Coshocton, Ohio).

Kim et al. [1997] considered the issue of finding effective
parameters for representing the average of an ensemble of
predicted water budget realizations, as associated with a dis-
tributed range of parameters characterizing the heterogeneity.
That is, they were interested in determining the effective pa-
rameters for modeling the average predicted water budget. In
contrast, this paper is concerned with estimation of effective
parameters for modeling the actual water balance measure-
ments of a specific site. A lysimeter installation near Coshoc-
ton, Ohio [Mustonen and McGuinness, 1967], is used to confirm
that measurements of drainage are consistent with the con-
cepts of the simplified model presented below. Bonta and Mul-
ler [1999] also examined groundwater recharge at the Coshoc-
ton location using an empirical water budget model, which did
not include any physical description of the unsaturated flow
processes.

2. Water Budget Model Formulation

The simplified water budget model presented here is a mod-
ification of that derived originally by Kim et al. [1996]. Follow-
ing the development of Kim et al. [1996], the water budget
calculation is divided into two periods: storms with rainfall and
interstorm periods with evapotranspiration and drainage. Like
the model of Kim et al. [1996], the following conceptual sim-
plifications are imposed: (1) a soil profile with uniform hydrau-
lic properties; (2) no drainage during storm periods; (3) in-
stantaneous redistribution of prior infiltrated water; (4)
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uniform water extraction over the profile depth due to evapo-
transpiration; and (5) drainage under an imposed unit hydrau-
lic gradient.

2.1.

In the model of Kim et al. [1996] the infiltration rate before
ponding occurs is equal to the rainfall intensity P:

i(t) =P.

Solution for Storm Periods

(1

Equation (1) applies up to a ponding time ¢, after which the
infiltration is determined by a constant head boundary condi-
tion at the soil surface. Kim et al. [1996] used the solution of
Philip [1957] for the infiltration occurring after ponding for an
initial saturation s,:

iy(t) = 38(s,)t 72 + ak,, ()
where S(s,) is the sorptivity and k, is the saturated value of
hydraulic conductivity. The constant, a, is less than one, ren-
dering (2) invalid at large times.

Using the Brooks and Corey [1964] relationships to describe
the soil water retention and hydraulic conductivity,

s(9) = (%) U<,
' 3)
s=1 y=y,
k(s) = ky(s) @, (4)

Kim et al. [1996] derived an expression for the sorptivity
(squared):

265(1 - SO) lllS

(1+3m)m __
1+3m 1]]"“'

S(s,)? = [ ®)
In these expressions, i is the matric potential, ¢, is the air
entry value of matric potential, m is the pore size distribution
index, and 6, is the saturated water content.

In the present water budget model the approximate infiltra-
tion equation of Salvucci [1996] is used in place of (2). Salvuc-
ci’s [1996, equation (37)] infiltration equation under the same
ponded boundary condition is

t
T

i(t) = (k, — ko) f(\[7) + Kk, -

(6)
where k,, is the hydraulic conductivity at s = s, the function
f is defined as

21 <2§)]

f(§)=(1—§2)2[ 5 §+4(17*§)2 (7

and y is a scaling factor for time as defined by Salvucci [1996,
equation (10)]:
BRYRIOORS
X722 \k—k,) -

(Here the function (7) does not have the same definition as
originally defined by Salvucci; it is instead the normalized di-
mensionless infiltration rate.) Salvucci [1996, equation (19)]
achieved a more general solution for infiltration by introducing
the scaled time variable 7, as defined here in (6). A reader should
note that although (6) is an approximation, it nevertheless
avoids the dependence on @ and is valid for an indefinite time.
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According to Salvucci [1996, equation (38)], the cumulative
infiltration is

() = F(\7), ©)
where

¢ k

(#1)
The time compression approximation procedure as de-
scribed by Salvucci and Entekhabi [1994] and as applied by Kim
et al. [1996] is used to match (1) and (6). The equivalent
ponding time ¢, occurs when the infiltration rate given by (6)

just equals the rainfall rate P. That time is thus determined by
solving the following:

(10)

(11)

for

=71\ (12)
z- 1
The actual ponding time is now derived, by applying the
condition given by Kim et al. [1996, equation (12)]. It is ob-
tained by equating the cumulative infiltration up to the equiv-

alent ponding time ¢, to that produced by the steady rainfall

rate P up to the ponding time ¢,, which gives

)
r—p

(13)

After the ponding time is reached, the cumulative infiltration is

icum(t) — Pt,, + ](t -1, + te) - I(le) t> Ly (14)
with
t
1(t) =‘F( \£+,x)' (15)

The following equations from Kim et al. [1996] are used with
(14) to calculate the total cumulative infiltration, cumulative
infiltration excess, and profile saturation during a storm period:

i“™t) = Pt t=t, (16)
qi"(t) = Pt — i®™(t) (17)
s(t) ::soa—iiZEf), (18)

where d, is the profile rooting depth. If s(¢) of (18) exceeds
unity, it is set to 1, and the infiltration amount producing the
saturation greater than unity is accumulated in the water bud-
get as “saturation excess runoff,” following the definition of
Kim et al. [1996, equation (19)].

Note that the infiltration models as formulated here and by
Kim et al. [1996] are actually schemes to estimate runoff, be-
cause the infiltration is just equal to the rainfall amount, unless
the ponding time is reached during the rainfall duration. The
infiltration equations under ponded conditions are then used
to determine what part of the rainfall is rejected after the soil
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surface can no longer sustain the water input rate imposed by
the rainfall rate P.

Infiltration is always greater for Salvucci’s model than for
Philip’s model. As a consequence, the Salvucci model always
produces less runoff. The difference between the two models
increases as the duration of the rainfall increases. Not only
does the Salvucci infiltration equation yield a solution that is
expected to remain more accurate over longer time [Salvucci,
1996], but it also does not rely on the parameter a as used by
Kim et al. [1996]. This parameter, a, is ambiguous if the infil-
tration is sufficiently long or lasts for an unknown duration.

2.2. Solution for Interstorm Periods

The evapotranspiration model of Kim et al. [1996] was re-
stricted to a linear relation between the evapotranspiration
rate and saturation. This made possible deriving an analytical
expression for the soil water depletion, but it does not provide
flexibility so that predicted evaporation and drainage conform
to site-specific climatic conditions. The evapotranspiration
model used here introduces a saturation falling value S so that
the potential evapotranspiration rate £, is maintained until
the soil saturation is less than S,. The evapotranspiration rate
function is

s P
E(s) = (S—) E, s<S
f
E=E,

(19)
s> 8,

The p exponent controls the rate at which evapotranspiration
decreases for s below S, and is included to make the relation-
ship more general. This model of evapotranspiration is similar
to that presented by Feddes et al. [1976].

Following the development of Kim et al. [1996], the profile
saturation during an interstorm period is represented by

where ¢, is the drainage flux, which equals (4) under the
imposed unit gradient drainage condition. Using (4) and (19),
(20) can be expressed in terms of a scaled time 7 as

s = s B

where C = 3 + 2/m and with

>, (21)

t b,

r= Tscalc

As pointed out by Kim et al. [1996], (21) cannot be inte-
grated analytically unless p and S, are both equal to unity.
However, in general, a simple integration will determine the
solution 7'(s). In particular, after solving for the value of s
satisfying the following integral for a given 7, E(s) is defined
by the following equation as a function of 7"

w1

where E(s) = E(s)/k, defines a scaled evapotranspiration
rate function. Using (22) to determine s, given a value of 7,
then, gives the cumulative evapotranspiration as
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Table 1. Base Case Profile Parameters for Coshocton,
Ohio, Lysimeter Site

Parameter Value
Saturated water content of profile 0.43
Air entry pressure, cm —353
Saturated hydraulic conductivity, cm/h 1.188
Brooks-Corey pore size index m 0.653

Profile depth, cm 150
Initial profile saturation 0.25
Saturation falling value for evapotranspiration 0.233 (= 0.1/0.43)

=1

E(s)

€+ E(s) 9

ES(s) = d, 0, f ! (23)

An initial saturation s, is reduced to s(¢) by the evapotrans-
piration according to (22) and (23).

Having determined the cumulative evapotranspiration up to
time ¢ by using (22) and (23), the cumulative drainage plus the
cumulative evapotranspiration equals the change in profile wa-
ter storage over the specified interstorm period. That is, the
cumulative drainage during an interstorm period of time ¢ is
[Kim et al., 1996, equation (34)]

qem(e) = d (s, — s(1)) — E<™(r). 24)

Evaluating (23) and (24) is no more computationally inten-
sive than evaluating the power series solution given by Kim et
al. [1996, equation (31)] for the special case S, = 1 andp = 1.

The cumulative evapotranspiration will generally increase
for smaller values of S, because the evapotranspiration rate
remains equal to the potential value over a greater range of
saturations. The general evapotranspiration model used here
thus tends to result in a lesser cumulative drainage than the
model of Kim et al. [1996], which is limited to the special case
of S = 1 and p = 1, as noted previously.

3. Water Budget Simulations for an Example Site

A number of water budget simulations were carried out to
illustrate the behavior of the model. These simulations used
data from a lysimeter facility located at the North Appalachian
Experimental Watershed, near Coshocton, Ohio, operated by
the Agricultural Research Service of the U.S. Department of
Agriculture [Harrold and Dreibelbis, 1958, 1967]. The Y101 site
at this facility contains four lysimeters constructed in situ
around undisturbed 1.9-m-wide X 4.27-m-long X 2.44-m-deep
soil monoliths. A continuous record of runoff and drainage is
available from 1944 to the present at all four lysimeters. One of
the lysimeters is also equipped with a self-recording weighing
mechanism. The lysimeter soils are described as silt loam grad-
ing into loam with sandstone fragments at deeper depths, even-
tually grading into decomposed sandstone at the base of the
monoliths. The surface slope of the lysimeters is 23%. Various
vegetation types and tilling practices were used on the lysim-
eters since their construction.

A 50-year record of daily precipitation and potential evapo-
transpiration was used in the water budget simulations. Poten-
tial evapotranspiration was estimated using the method of Pen-
man [Shuttleworth, 1993] from measurements made at a
weather station located on the Y101 site. Daily precipitation
was derived from the Y101 weighing lysimeter, which was
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found to be more accurate than the weather station rain gage.
While potential evapotranspiration was assumed to be con-
stant over any given 24-hour period, the daily precipitation was
assigned a random duration between 1 and 23 hours for those
days on which precipitation was recorded. The probability dis-
tribution of durations was based on an estimate of the average
number of exceedances per year for the specific daily rainfall
depth observed. Exceedance values were estimated using the
method of Chen [1983]. Thus the rainfall intensity sequence for
the long term is not the actual, but it does represent the actual
total rainfall on each day. Rainfall intensity is constant over the
randomly selected duration. (Note that the same duration se-
quence was used in all simulations discussed below.) Rainfall
occurring when the average daily temperature was less than
0°C (freezing point) was accumulated as snow depth. Also, no
evapotranspiration was allowed on those snow days.

Empirical relationships are used for estimating snowmelt
due to vapor condensation, convection, radiation, and rainfall
as described by Streile et al. [1996]. Melting of the snow depth
(equal to equivalent water depth) occurs when the average
temperature is above freezing. Melted snow and rainfall are
added together as water input to the storm model, by which
water input exceeding the allowed infiltration then contributes
to the cumulative runoff for the water budget period. Potential
evapotranspiration (ET) is zero for the day as long as a snow
depth is present. On a day when the entire snow depth is
melted, £, is reduced by the energy required for snowmelt.
Note that the snowmelt model does not alter the storm or
interstorm models’ formulation but only contributes additional
water for potential infiltration. For the Coshocton site exam-
ple, however, snowmelt does not contribute a substantial
amount of water input; therefore the snowmelt modeling is not
described in any further detail. Average precipitation was 106
cm, while the average maximum snow depth (water equivalent)
was 7.3 cm over the 50 years.

Soil hydraulic properties for the lysimeters were estimated
from the physical description of the soils and from soil prop-
erties measured on samples from a nearby location as reported
by Kelley et al. [1975]. No specific hydraulic property measure-
ments from the site were available. The selected parameter
values used with the water budget model are given in Table 1.
These parameter values are hypothetical and at best only an
initial guess for the example site. (Note that S, which is a
parameter introduced by the ET model, is not directly mea-
surable and has to be determined by model calibration for the
site’s water budget, as will be discussed below.) Water budget
simulations were conducted for the 50-year period from 1945
to 1994, with the water budget estimated on an hourly time-
scale (i.e., the shortest-duration storm or interstorm period
was 1 hour).

3.1.

Cumulative runoff and drainage over the 50-year period of
simulation for the four Y101 lysimeters are given in Table 2.
Variation between lysimeters is substantial, primarily due to
the different tillage practices and vegetation grown on each of
the lysimeters. Runoff on the lysimeters was relatively small,
ranging from 0.5 to 2.4% of the precipitation. (Cumulative
precipitation at the site was 5323 cm over the 50-year period.)
Drainage varied from 25 to 37% of the precipitation. The
average lysimeter values are also given in Table 2 along with
the water budget model results for the base case simulation.
While the simulated cumulative drainage fell within the range

Lysimeter Comparison
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of values observed at the lysimeters, the runoff result for the
model was much lower than at any of the lysimeters. Recall
that the base case parameter values (Table 1) were selected
based on a physical description of the lysimeters and did not
involve any calibration, except for S, which was estimated by
performing preliminary simulations using the other base case
parameter values.

Figure 1 shows the annual drainage behavior over the 50-
year period. Only the upper and lower bounds (mean drainage
plus and minus the average absolute deviation from the mean
for each year) are shown for the lysimeters. The base case
simulation result (solid curve) is shown for comparison. It
appears that the simulation is reasonably consistent with the
envelope of observed annual values; the general trends in ob-
served drainage are followed, although the simulated drainage
value is sometimes outside the measured lysimeter variation in
various years. It will be shown that selecting an appropriate
value of S, allowed the predicted drainage to be matched with
the lysimeter measurements.

3.2

To examine the interstorm model’s dependence on S, only,
the storm model was restricted to the infiltration solution of
Philip [1957], as originally used by Kim et al. [1996]. That is, the
prediction of the revised interstorm model was tested while
keeping the original storm model. Results from using values of
Sy = 1and S, = 0.233 (the base case value) were compared.
Using a value of S, = 1 is equivalent to the model of Kim et
al. [1996]. (This was confirmed by duplicating the results ob-
tained using the original analytical solution of Kim et al.
[1996].) The other choice of S, taken as less than unity, is
shown later to yield an appropriate drainage amount over the
simulation period. Its value is guessed based on the results of
a few water budget simulations while holding fixed the other
base case parameters.

The components of the annual water budget for the two
values of the falling saturation are shown in Figure 2. The
annual infiltration is unaffected by the value of S, (Figure 2a),
but the saturation, evapotranspiration, and drainage are sig-
nificantly different. Saturation (which is the profile saturation
at the end of the year) is consistently less for the lower value of
S, and tends to vary over a greater range (Figure 2b). The
lower value of S, results in a substantially larger annual evapo-
transpiration (Figure 2c), and it results in a correspondingly
smaller annual drainage (Figure 2d). Table 3 compares the
long-term water balance totals. Initial profile saturation is 0.25
for each case.

Figure 2 shows that using the revised evapotranspiration
model allowed the long-term evapotranspiration (and drain-
age) to have an adjustable outcome. This additional flexibility

Interstorm Comparison

Table 2. Cumulative Runoff and Drainage for the Coshocton
Y101 Lysimeters From 1945 to 1994 and for the Base Case
Water Budget Simulation

Runoff, cm Drainage, cm
Lysimeter A 71 1983
Lysimeter B 129 1402
Lysimeter C 80 1803
Lysimeter D 29 1345
Lysimeter average 77 1633
Base case simulation results 7 1528
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Figure 1. Model-predicted drainage in the 150-cm depth
profile (solid curve) compared with four lysimeters at Coshoc-
ton, Ohio. Dashed curves indicate the envelope obtained from
the measured mean drainage by taking plus and minus the
averaged absolute deviation from the mean drainage of the
four lysimeter measurements for each year. Model parameters
are those given in Table 1. The model-predicted total drainage
over 50 years is 1528 ¢cm, while runoff is 6.7 cm.

in the water budget model is achieved by introducing the single
parameter S,. The model of Kim et al. [1996] is restricted to a
value of S, = 1, and as a consequence, it can produce only a
single water budget for a given sequence of rainfall durations.

3.3. Storm (Runoff) Comparison

As discussed above, the runoff estimated with the base case
parameters was substantially less than the observed runoff at
the four lysimeters. To increase the cumulative runoff to a
value more consistent with the lysimeter observations, the sat-
urated hydraulic conductivity was reduced to 0.64 cm/h (from
the base case value of 1.188 cm/h). This resulted in a cumula-
tive runoff for the 50-year period of 70.4 cm while still using
the Philip [1957] infiltration equation for the storm model.
Later (in the next section, about effective model parameters;
Figure 5) it is shown that the appropriate value of saturated
hydraulic conductivity can be calibrated to the site runoff, with
relative insensitivity to the value of §,.

Using this lower saturated hydraulic conductivity value of
0.64 cm/h, the 50-year simulation was repeated using the Sal-
vucci [1996] infiltration equation. Annual runoff for the two
infiltration models is shown in Figure 3. The water budget
model using the Salvucci infiltration equation yields about 13
cm less runoff and 10 cm more drainage over the 50 years.
Cumulative water budget components are given in Table 4.
Because runoff is relatively small for this example, the differ-
ences between the two infiltration models are minor. As shown
by Table 5, the difference in runoff for the two storm models
is within variations produced by using other rainfall duration
sequences. For other combinations of soil type and climate, the
differences, however, may be significant, particularly for in-
tense rainfall events of longer duration.

4. Effective Model Parameters

The base case soil hydraulic parameters (Table 1) were se-
lected as representative of the silt loam soil type contained in
the lysimeters at Coshocton, except for the saturation falling
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Figure 2. Components of the water balance simulated for Coshocton, Ohio. Plus sign indicate the original
model of Kim et al. [1996] using S, = 1, and circles indicate the modified model using S, = 0.233. The base

case parameters in Table 1 are used.

value S, which is established by model calibration. However,
there is no reason to expect that these parameter values would
accurately represent the transient water balance in a profile of
arbitrary depth. For Coshocton, a 150-cm depth was chosen to
describe the upper portion of the lysimeters, which were in-
tended to be physical models of the near surface. A single
value for each soil hydraulic parameter is used to describe the
entire 150-cm profile in this simplified water budget model. At
best these are only effective parameter values. To make the
best use of the simplified water budget model, it is necessary to
identify the particular effective parameter values that allow the
model to mimic the actual site’s water balance for the selected
time period.

To help identify appropriate effective parameter values, a
range of cumulative water budget components (evapotranspi-
ration, drainage, and runoff) is calculated for a set of param-

result of a water budget calculation for various values of the
saturation falling value S, and the saturated hydraulic conduc-
tivity K, using the 50-year climate record for the Coshocton
lysimeter site. Resulting cumulative drainage over the 50-year
period is shown as a function of the saturation falling value in
Figure 4, for various values of K. (Note that small changes of
the hydraulic parameters other than K are anticipated to have
a minor affect on the relationship between drainage and S.)
The curves in Figure 4 depend on two different sets of m, s,
and 6, to demonstrate the insensitivity to these hydraulic pa-
rameters, other than K. The initial profile saturation is always
0.25 for each simulation. The same rainfall duration sequence
for the 50-year-long climate is used to produce the simulations

eter values presumed to encompass the prediction range. Such 6 ! | I I
a set of calculations is shown in Figure 4. Each point is the —_
St
g
= 4
Table 3. Cumulative Water Budget Components for 50- g
Year Simulation of Coshocton, Ohio, Lysimeter Site 2, 4
(Philip Infiltration Model) & s ]
1
Saturation Falling Value 5 v
S, = 0.233 Sp=1 0 ! ]‘
Total infiltration, cm 5311 5306 0 10 20 30 40 50
Total evapotranspiration, cm 3788 1873
Total profile drainage, cm 1519 3422 Years
gféfig?‘éﬁifg;é? cm By 159 Figure 3. Runoff by the Philip (solid curve) and Salvucci

(dashed curve) infiltration models. Base case parameters are
used, except with K, = 0.64 cm/h instead. Water budget
cumulatives are given in Table 4.

Total water input = infiltration + runoff. Total infiltration = evapo-
transpiration + drainage + storage change.
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with the expectation that the relative relationships would be
maintained for any other duration sequence, although the par-
ticular predicted values of drainage and runoff would change
(e.g., Table 5).

Cumulative drainage is thus highly sensitive to the value of
Sy Recall that S, = 1 (here with p = 1) corresponds to the
original model of Kim et al. [1996], whereas S, = 0 is the case
where evapotranspiration always equals the maximum. The
curves in Figure 4 differ mainly as a consequence of the dif-
ferent K values; drainage tends to decrease as K is decreased,
for a fixed value of S;. The parameters other than S, and K|
are primarily held at their base case values. Except in one
instance (indicated by the squares in Figure 4), the pore size
index m, the air entry pressure is,, and the saturated water
content 0, deviate from the base case values. The similar trend
of the curves in Figure 4 suggests that the drainage is not very
sensitive to m or ¢, over the limited range of values consid-
ered, although this is not an exhaustive study of sensitivity to
those parameters for this example. Kim et al. [1996] have dis-
cussed in more detail the sensitivity of the model to the pa-
rameters m and ;. The range of drainage (1000-3500 cm of
water) that is possible as shown in Figure 4 also encompasses
the observations for the lysimeters at Coshocton (Table 2).
Thus, on the basis of Figure 4, S, = 0.233 is a reasonable
choice to match the expected range of lysimeter drainage.
However, that value is not intended in any sense to give an
optimal correspondence with the actual average drainage.

The reason for the trend as seen in Figure 4 is explained as
follows. The total drainage in Figure 4 is always linearly related
to cumulative evapotranspiration so that the sum of these
budget components is approximately equal to the cumulative
infiltration over the simulation period. Hence an increase in
evapotranspiration implies a corresponding decrease in drain-
age amount. Thus, when S is decreased, the cumulative evapo-
transpiration will be increased, because £ = E, is extracted
for a longer time during each interstorm period. This increased
evapotranspiration then produces a decreased total drainage
for a fixed amount of infiltration. Therefore drainage decreases
when S is decreased, while all other hydraulic parameters are
held fixed.

It is readily discovered that the infiltration model used here
is essentially a description of the runoff response. In particular,
the infiltration amount is usually equal to the water input,
unless the storm event is intense enough so that ponding oc-
curs for the particular rainfall and initial moisture condition.
The initial moisture condition for each infiltration event de-
pends, of course, on the prior history of the water application.
Thus, for a particular fixed climatic input, the runoff is going to

Table 4. Cumulative Water Budget Components for 50-
Year Simulation of Coshocton, Ohio, Lysimeter Site
Using Philip and Salvucci Infiltration Equations

Infiltration Model

Philip [Kim et al., 1996] Salvucci [1996]

Total infiltration, cm 5253 5266
Total evapotranspiration, cm 3889 3893
Total drainage, cm 1359 1369
Total runoff, cm 70.4 57.0
Storage change, cm 44 45

Base case parameters are used except that K, = 0.64 cm/h.

2841

Table 5. Cumulative Water Budget Components for 50-
Year Simulation of Coshocton, Ohio, Lysimeter Site
Using Three Rainfall Duration Sequences (Philip
Infiltration Model)

Sequence 1 Sequence 2 Sequence 3

Total infiltration, cm 5253 5265 5284
Total evapotranspiration, cm 3889 3887 3895
Total drainage, cm 1359 1374 1383
Total runoff, cm 70.4 57.7 394

K, = 0.64 cm/h, m =

\ 0.653, ¢ = =353 cm, §; = 0.233, and
depth = 150 cm.

be a direct reflection of the profile saturated hydraulic conduc-
tivity. In more realistic situations the runoff would be mostly a
consequence of the surface soil conditions only. Although this
aspect is a conceptual limitation of this simplified model, it
nevertheless allows for the possibility that the appropriate
value of saturated hydraulic conductivity can be identified so
that runoff is consistently estimated for the site.

Figure 5 shows that cumulative runoff depends mainly on
the saturated hydraulic conductivity for a fixed climatic de-
scription (a particular rainfall duration sequence). Notice that
the curves for different values of §;, which would produce
quite different estimates for the total drainage and evapora-
tion, are not greatly separated. That is, the runoff amount is
nearly the same, depending mainly on K, regardless of the S,
value. Thus Figures 4 and 5 together suggest that it is nearly
possible to determine S, from the drainage and K from the
runoff, as if those predicted water budget components were
independently determined. (However, as shown in Figure 6,
runoff is not actually independent of S,, but is mainly deter-
mined by K. Also, note that runoff is not insensitive to a
combined change in m and ¢,. In particular, for the lowest
value of K| indicated in Figure 5 and for S, = 0.233, when m,
Y, and 0, take the values other than base case as in Figure 4,
the runoff is about 90 compared with 250-cm water as indi-
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Figure 4. Drainage depending on falling value of saturation
of evapotranspiration model. Parameters for each water bal-
ance simulation are K; = 0.336 cm/h, m = 0.414, ¢, =
—70.3 cm, 6, = 0.405 (squares); base case K, = 1.188 cm/h,
m = 0.653, ¢ = —35.3, 6, = 0.43 (circles); and K, =
0.549 cm/h (diamonds) and K, = 0.762 cm/h (plus signs),
both using the remaining base case parameter values.
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Figure 5. Runoff depending on saturated hydraulic conduc-
tivity. Falling value of saturation is S, = 0.233 (circles) and
Sy = 0.5 (squares). Other parameters have the base case
values (Table 1).

cated in Figure 5. Figure 6 gives the runoff and drainage for
these other parameter values and indicates that those water
budget components are more dependent as K decreases from
the base case value.)

Figure 5 indicates that the value of K; = 0.64 cm/h is more
appropriate than the base case value to produce the correct
value of runoff consistent with the Coshocton lysimeter mea-
surements (Table 2). Note that this chosen value of K| is not
intended to yield the average runoff exactly; it only gives a
runoff value within the lysimeter measurement range.

The prediction of runoff and drainage for this selected value
of K is shown in Figure 6 (as the larger open square), com-
pared with the actual measurements (the four crosses). As seen
earlier, the base case value of K, = 1.188 cm/h gives too small
a runoff (lowermost curve) when compared with the actual
measurements. Also, the other values, K; = 0.336 cm/h, m =
0.414 (Figure 4) with S, = 0.5, can yield drainage and runoff
consistent with the Coshocton lysimeters. Notice that the two
line segments for K, = 0.549 and 0.762 cm/h for S, = 0.233
and 0.5 bracket the zone of the runoff and drainage where the
water budget prediction (large square) falls. Apparently, the
identified effective K, would have to be decreased below K, =
0.336 cm/h (large square moved upward) to attain the greatest
measured runoff, whereas K, would have to be between 0.762
and 1.188 cm/h (large square moved downward) to attain the
lowest measured runoff. Thus the suitable model parameters
can be identified to represent the Coshocton site water budget
(for either of the four lysimeters), but the effective parameter
combinations would not be unique. However, the actual mea-
surements for the Coshocton lysimeters are by no means
unique either.

The predictions given in Figures 4—6 depend on the partic-
ular fixed sequence of rainfall durations; changing that se-
quence would alter the curves in the figures. However, the
relational dependence of the water budget model’s predictions
on its parameters would not be altered by a different realiza-
tion of rainfall durations. To demonstrate the influence of the
rainfall duration sequence, Table 5 gives the water balances for
three realizations of duration sequence, including that used for
the figures. The model parameters are those selected to best
represent the Coshocton water budget (i.e., the base case val-
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ues now with K, = 0.64 cm/h, as indicated by the large square
in Figure 6). The total applied water is about 5323 cm for each
simulation. The duration sequences (realizations of storm pe-
riods) are generated using the same statistical attributes for the
Coshocton climate. Mainly, the runoff is most affected by the
different patterns of rainfall intensity. Table 5 hints that runoff,
in view of its variability for different rainfall durations, is dif-
ficult to identify accurately for the particular timescale (hourly)
used in the water budget simulations. However, the other com-
ponents comprising the water budget partitioning do not differ
much for this site when the rainfall duration sequence is
changed.

4.1. Identifying Initial Water Content

A precise initial value for profile saturation may be of minor
importance because it does not influence long-term predic-
tions. As an example, using the initial saturation of 0.72 instead
of the value 0.25 (the base case value), it was found that the
profile saturation converged to the base case curve in about
100 days of the first year. The higher initial saturation had a
minor influence on the long-term water balance at this site.

4.2. Identifying the Profile Depth

The relationship between runoff and drainage indicated in
Figure 6 was derived for a 150-cm profile depth, although the
lysimeters are actually 244 cm deep. As noted earlier, the soils
were variable over the depth of the lysimeters. Using K; =
0.64 cm/h and a soil profile depth of 244 cm, it was found that
Sy = 0.353 produced a water budget consistent with the
measured drainage (other parameters were at the base case
values). Runoff was nearly unchanged under these conditions,
as would be expected when runoff is determined primarily by
the saturated hydraulic conductivity. Therefore increasing the
profile depth requires increasing the S, value to achieve about
the same water budget components, all other parameters being
the same. Thus the appropriate S for a site will depend on the
presumed profile depth.
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Figure 6. Runoff and drainage for four lysimeters at Coshoc-
ton, Ohio. Larger square is the budget model prediction with
K, = 0.64 cm/h, m = 0.653, ¢ = —35.3 cm, 6, = 0.43,
and S, = 0.233. Crosses indicate the lysimeter measurements,
and the other symbols (smaller squares, circles, diamonds, and
plus signs) are based on parameters as indicated in Figure 4.
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4.3.

The assumption that the profile is relatively shallow and that
redistribution can be treated as instantaneous may have an
important impact on the accuracy of the predicted water bud-
get. A numerical solution of Richards’ unsaturated flow equa-
tion, using the same ET model as a sink and accounting for
water redistribution in the unsaturated profile described by the
parameters of Table 1, yielded nearly the same results obtained
with the simplified model. The numerical method of Celia et al.
[1990] was used to solve Richards’ equation for a discretized
profile under the same boundary conditions for the climate and
drainage. However, the ET sink term was determined by the
saturation distribution as is present in each discretized element
of the profile (as caused by water redistribution). Thus the ET
sink then accounted for the profile distribution of saturation
and did not depend on only the profile average as imposed in
the simplified model.

Limiting the model comparison to the study period’s first
half, 25 years, the averages of yearly percent relative differ-
ences in saturation, ET, and drainage were 14.5, 2.5, and 8%,
respectively (i.e., the averages of absolute differences in yearly
predictions divided by each yearly value from the simplified
model, in percent). The greatest percent difference occurs for
the saturation, with the simplified model’s prediction being
consistently less than that given by the profile-average satura-
tion obtained from the Richards’ equation solution. Yearly
predictions by the simplified model for ET were usually greater
than, and the drainage was usually less than, that given by the
more exact numerical solution. Thus, for the Coshocton profile
parameters, the assumption that the detailed redistribution of
water need not be simulated was reasonable. Generally, such a
comparison should be done to justify using the simplified
model with its imposed condition of instantaneous water re-
distribution.

Importance of Redistribution

5. Summary and Conclusions

Although not entirely conceptually accurate, the simplified
water budget model presented here offers an efficient, rapid
approach for estimating the water budget over long periods,
without having to model the detailed unsaturated flow dynam-
ics in a profile. Such a model is ideal for doing Monte Carlo
simulations of the areal variation in drainage caused by spa-
tially variable hydraulic properties or rainfall input [Kim et al.,
1997]. The water budget model presented here allows more
flexibility for describing infiltration and evapotranspiration
than the model of Kim et al. [1996] on which it is based. This
flexibility is achieved, without increasing the computational
requirements, by introducing a single additional parameter
into the evapotranspiration model, the falling value of satura-
tion. This parameter sets the minimum saturation at which the
evapotranspiration rate is at its maximum. Below this point,
the evapotranspiration rate is proportional to the soil profile
saturation. With the more flexible model, it was possible to
make the prediction of cumulative drainage conform to lysim-
eter measurements at the site near Coshocton, Ohio. An al-
ternative infiltration model was also included in the water
budget model that should be more accurate for extended rain-
fall durations.

The model’s conceptual simplification of having uniform
hydraulic properties over the profile root zone is reflected in an
unusual result: The appropriate effective saturated hydraulic
conductivity can be identified by matching the expected runoff
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for the particular long-term climate of the example site. On the
other hand, because runoff is determined by the hydraulic
conductivity for the entire profile, instead of by the surface soil
conditions, there is a definite conceptual limitation on the
model’s accuracy. When the predicted runoff is inconsistent
with the water budget of a particular site and provided it is a
small part of the water balance, then it still may be reasonable
to use the simplified model to estimate drainage and evapo-
transpiration. It was also found that the falling value of satu-
ration ultimately determines the site-specific overall drainage,
as well as the appropriate associated actual cumulative evapo-
transpiration. By matching the measured runoff and drainage
for a site using the water budget model, it is possible to pro-
duce an estimate of evapotranspiration that is consistent with
the site climate. Such matching can be accomplished rapidly as
a computational advantage afforded by the model’s mathemat-
ical simplifications.

The validity of the implemented simplifications applied to a
particular site, however, should always be evaluated with a
more detailed water budget simulator, such as that based on
Richards’ unsaturated flow equation. In particular, the correct-
ness of whether plant roots can extract water as transpiration
uniformly from the entire profile must be evaluated carefully
when simulating a long-term water budget. In many cases, the
simplification of imposing water extraction by roots reaching a
constant depth may be unreasonably inaccurate for simulating
a long-term water budget. Moreover, it is important to exam-
ine the model’s accuracy when imposing instantaneous water
redistribution following rainfall infiltration events. Thus it is
necessary to apply the simplified water budget model with all
due caution and with consideration of its inherent conceptual
limitations.
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