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SUMMARY

Waste management practices at the Hanford Site have relied heavily on
near-surface burial. Predicting the future performance of any burial site in
térms of the migration of buried contaminants requires a model capable of
simulating water flow in the unsaturated soils above the buried waste. The
model currently being developed to meet this need is UNSAT-H, which was devel-
oped at Pacific Northwest Laboratory for assessing the water dynamics of near-
surface waste-disposal sites at the Hanford Site. The code will primarily be
used to predict deep drainage (i.e., recharge) as a function of environmental
conditions such as climate, soil type, and vegetation. UNSAT-H will also
simulate various waste-management practices such as placing surface barriers

over waste sites.

UNSAT-H is a one-dimensional model that simulates the dynamic processes of
infiltration, drainage, redistribution, surface evaporation, and uptake of
water from soil by plants. The mathematical basis of the model is Darcy's Law
as extended by Richards (1931). The numerical implementation of UNSAT-H is
based on the UNSAT model of Gupta et al. (1978). UNSAT-H uses a fully
implicit, finite difference method for solving the water transport equation.
Plant water uptake is introduced as a sink term at each node and is calculated
as a function of root density, moisture content, and potential evapotrans-
piration. The simulated soil profile can be homogeneous or layered., The
boundary conditions can be controlled as either constant head or flux con-
ditions to reflect actual conditions at a given site. Features of UNSAT-H that
are improvements over earlier codes such as UNSAT include isothermal vapor
flow, cheatgrass transpiration function, additional options for describing soil
hydraulic properties, and reduction of mass-balance error,

UNSAT-H is designed to utilize two auxiliary codes. These codes are
DATAINH, which is used to process the input data, and DATAOUT, which is used to
process the UNSAT-H output. Operation of the code requires three separate
steps. First, the problem to be simulated must be conceptualized in terms of
boundary conditions, available data, and soil properties. Next, the data must



be correctly formatted for input. Finally, the input data must be processed,

UNSAT-H run, and the output data processed for analysis.

This report includes three examples of code use. In the first example, a
benchmark test case is run in which the results of UNSAT-H simulations of
infiltration are compared with an analytical solution and a numerical solu-
tion. The comparisons show excellent agreement for the specific test case, and
this agreement provides verification of the infiltration portion of the UNSAT-H
code. The other two examples of code use are a simulation of a layered soil
and one of plant transpiration.

Development of unsaturated flow models at the Hanford Site was started in
the 1960s. Progress has been guided by changes in the flow problems that need
to be solved, the need for greater detail in the model solutions, and continual
advances in computer software and hardware. The current effort to document
UNSAT-H represents a commitment to use this model as the basis for unsaturated
flow modeling related to land burial of waste and barrier development.
Potential enhancements of the UNSAT-H model that have been identified for
future study are the addition of nonisothermal vapor flow, the substitution of
mechanistic descriptions of evaporation and transpiration for the empirical

expressions currently used, and the inclusion of a snowmelt algorithm,

There is an ongoing effort in model validation for UNSAT-H. This involves
testing the code with reliable data sets and independently predicting the past
and present recharge and water balance at specific sites. The documentation of
the model supplied herein establishes the current status of the model. Valida-
tion of the model will demonstrate its degree of credibility and indicate the
degree to which the model can be used in a predictive manner to support a
variety of performance assessment tasks for waste management at Hanford.
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1.0 INTRODUCTION

One of the waste-management practices of the past and present at the
Hanford Site is burial of waste in the thick unsaturated soil zone that lies
some distance above the water table. This practice is considered acceptable if
drainage (i.e., recharge) is negligible at the waste sites. Field experiments,
however, indicate that recharge at the Hanford Site is negligible at some sites
but measurable at others and that the quantity of recharge depends heavily on
specific site characteristics (see Gee and Heller 1985 for details). If buried
waste is contacted by soil water, the potential exists for soluble contaminants
to be leached and transported to the underlying ground water. Long-term pro-
tection against ground-water contamination requires that a suitable methodology
be developed to ensure that recharge rates remain below those that would trans-
port enough contaminants to create an environmental hazard. Because such low
rates are extremely difficult to monitor and because the time period involved
is so large (thousands of years), it is necessary to estimate the flow rates
using numerical model simulations.

Numerical models to describe water flow have been developed at the Hanford
Site since the 1960s. One weakness of this effort has been the lack of
adequate documentation of the models and their applications. The purpose of
this report is to document the present version of the unsaturated flow code
UNSAT-H, which was developed at Pacific Northwest Laboratory for assessing the
water dynamics of arid sites under consideration for near-surface waste dis-
posal. This report provides a more complete documentation of UNSAT-H than the
previous report by Fayer and Gee (1985), including a presentation of the bases
for the conceptual model and its numerical implementation as well as example
simulations involving layered soils and plants. As UNSAT-H is used and
evaluated over the next few years, this documentation will serve as the base

upon which evaluations and enhancements will be made.

Section 2.0 provides an overview of the model, including its objectives,
history, and applications. Section 3.0 presents the conceptual and mathe-
matical models underlying UNSAT-H. Section 4.0 detaijs the numerical
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implementation of the mathematical model. Section 5.0 outlines the code
design, including input/output file structure and model flow charts. Section
6.0 is the user's manual and discusses problem formulation, input requirements,
and code use, Section 7.0 contains three example simulations: 1) a verifi-
cation exercise for the infiltration portion of the code; 2) a simulation of
the water balance in a layered soil system (e.g., a protective barrier); and

3) a simulation of the water balance in a field lysimeter located in the 200
Area. Section 8.0 lists the code for the main programs and all subroutines, as
well as a glossary of terms used in the UNSAT-H code. The history of model
development at the Hanford Site is described in Appendix A. Appendix B
presents the current view of model calibration and validation as means for
testing conceptual models and establishing a given level of credibility.
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2.0 MODEL OVERVIEW

2.1 OBJECTIVES

The major objective of UNSAT-H is to estimate recharge rates for use in
contaminant transport analyses. For UNSAT-H to accomplish this task, the model
must be able to predict the long-term water balance (particularly deep drain-
age) at waste burial sites under both existing climatic conditions and
postulated future climatic conditions.

A second objective of UNSAT-H is to optimize the conceptual design of
waste-management strategies for minimizing recharge. For example, a tool like
UNSAT-H can be used to narrow the range of design alternatives for protective
barriers to a few choices. Limiting the number of design alternatives will
result in considerable savings by lessening the need for full-scale experiments
to test every design.

2.2 HISTORY

The use of numerical models to predict water flow in unsaturated sediments
at the Hanford Site began in the early 1960s (e.g., Reisenauer 1963). Since
that time, there have been several efforts to develop models suitable for
solving contemporary problems. A detailed discussion of model development at
the Hanford Site, together with a brief description of the models, is contained
in Appendix A.

The model currently being developed and tested for use in predicting soil
water balance is UNSAT-H., This model is derived from the UNSAT model of Gupta
et. al. (1978). The objective of the UNSAT model was to predict the water
dynamics of agricultural land. The current model, UNSAT-H, is an adaptation of
the UNSAT model better suited to the needs of waste management at the Hanford
Site. While most of the mathematical and numerical formulation of the UNSAT
model has been retained in UNSAT-H, several changes in the model have been

made,

Changes already incorporated into UNSAT-H are the addition of isothermal
vapor transport, inclusion of an empirical cheatgrass-transpiration option

2.1



based on Hanford Site data, and reduction in mass-balance error. Modifications
being considered for the future include a mechanistic transpiration algorithm
that includes plant growth and development, and a diffusion-based evaporation
algorithm. Two additional enhancements that are being considered are inclusion
of soil temperature predictions that would account for nonisothermal effects
during evaporation as well as for freezing soils, and changes to precipitation
and evaporation algorithms that would account for extended snow cover and

snowmelt.

2.3 CODE SUMMARY

The UNSAT-H computer code is designed to simulate water flow in unsatu-
rated soils and sediments, It is a mechanistic model in that it is based on
Darcy's Law of water flow as extended to unsaturated systems by Richards
(1931). UNSAT-H can simulate the isothermal flow of both 1iquid and water
vapor in response to precipitation and irrigation, plant water extraction, and
deep drainage. The basic numerical scheme used in UNSAT-H is the fully-
implicit Crank-Nicholson method.

The input data required by UNSAT-H can be divided into five categories:
1) program control variables; 2) soil hydraulic properties; 3) initial condi-
tions; 4) plant data; and 5) boundary conditions. The format for entering the
data and running the code are given in Section 6.0,

The first category of input, the set of program control varijables, formu-
lates the problem in terms of options chosen, maximum allowable mass-balance
error, time-step control, amount of output data saved, and simulation time.
This category also includes specification of elevation and material type for
each node,

The soil hydraulic properties required by UNSAT-H include hydraulic con-
ductivity as a function of water potential and water content as a function of
water potential (i.e., the soil water characteristic or desorption curve).
These properties can be entered as one of several functional relationships and
need to he provided for each soil material in the problem description.

2.2
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Initial conditions consist of suction head values for each node and the
day on which to start the simulation. The plant data necessary include mature
root length distribution, either leaf area index through time or germination
and harvesting dates, and fraction of surface area that is bare.

The final category of input is the boundary conditions. For the lower
boundary, either a constant head or flux values, such as measured drainage from
a lysimeter, can be specified. For the upper boundary (the soil surface), a
constant head or flux values, such as hourly precipitation and daily potential
evapotranspiration, can be added.

The file containing the input data is read using the program DATAINH,
which processes the data and creates a binary file that serves as the actual
input file to UNSAT-H., There is only one output file from UNSAT-H and it is
also in binary form. This output file can be read using the program DATAOUT.
The output file contains hourly or daily (as selected by the user) summaries of
water content, water potential, flux, and plant water use as a function of
depth, as well as cumulative totals of the water balance components (storage,
precipitation, evaporation, transpiration, and drainage). The binary output
file will serve as input to a solute-transport code that requires estimates of
water flux.

2.4 APPLICATIONS AND GENERAL LIMITATIONS

In its present state, UNSAT-H can be used to obtain solutions to a number
of unsaturated flow problems. Precipitation, evaporation, transpiration, and
soil water redistribution at the Hanford Site can all be simulated, thus
providing an estimate of the recharge rate to the underlying ground water.

With proper accounting for the soil and plant characteristics at a specific
site, recharge can be estimated as a function of a variable climate (e.g., the
effect of precipitation changes on recharge can be evaluated). The effects of
variations in soil type or layering, and the effects of variations in plant
cover and type can also be demonstrated with the model by simulating various
soil and plant configurations under identical climate conditions. It should be
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noted that UNSAT-H can be applied equally well to other sites, provided the
appropriate plant algorithms were used to simulate evapotranspiration.

The UNSAT-H model was developed only recently (Fayer and Gee 1985) and
therefore has been used in only one application. Fayer et al. (1985) used
UNSAT-H to simulate the water balance of multilayer barriers. These simula-
tions were performed to help illustrate how barrier design (e.g., soil type,
layer thickness) could affect recharge to the ground water. Applications of a
related code, UNSATID (see Appendix A), include the work of Jones, Campbell,
and Gee (1984), who simulated the water balance of a bare-surface soil located
in the Hanford Site's 300 Area, and Gee and Kirkham (1984), who simulated the
water balance of a cheatgrass-vegetated site, also located in the 300 Area.

General limitations of UNSAT-H include assumptions of one-dimensionality
and isothermal flow, use of empirical plant transpiration algorithms, and lack
of a snowmelt algorithm. As mentioned above, Fayer et al. (1985) simulated
flow through layered barriers, specifically through the central portion of the
barriers where flow was assumed to be strictly vertical. The one-dimensional
limitation of UNSAT-H precluded its use for describing flow at the lateral
boundaries of the barrier. Although the one-dimensional nature of the model
presents a well-defined limitation on the types of problems that can be solved,
the remaining three limitations listed above do not. The seriousness of each
of these limitations has yet to be demonstrated conclusively in a model
validation exercise, which is the process by which model predictions are objec-
tively compared to experimental data. A discussion of validation strategy and
an assessment of some past model validation efforts at the Hanford Site are
provided in Appendix B. Until UNSAT-H is subjected to model validation
exercises, the credibility of UNSAT-H predictions cannot be properly eval-
uated. For this reason, completion of the planned model validation program is
essential, in order to establish the model's usefulness for simulating recharge
at waste sites,

2.4
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2.5 SYSTEM REQUIREMENTS

The UNSAT-H code runs under the VAX/VMS Version 4.0 Operating System. ()
The operating system provides the access to the disk storage devices required
by UNSAT-H for its input/output options. The UNSAT-H code is written in VAX
FORTRAN Version 4.0,(b) which is based on American National Standard FORTRAN-77
(ANST X3.9-1978). Although extensions to FORTRAN-77 are available in VAX
FORTRAN, we have made Timited use of them in order to keep UNSAT-H close to
standard FORTRAN-77 form.

During operation, the UNSAT-H code requires 1 million bytes of memory.
The source codes listed in Section 8.0 require 130 kilobytes of storage. The
executable images require 64 kilobytes of storage.

(a) "VAX/VMS DCL Dictionary." 1984, Digital Equipment Corporation, Maynard,

Massachusetts.
(b) "Programming in VAX FORTRAN." 1984, AA-DO34D-TE., Digital Equipment
Corporation, Maynard, Massachusetts.
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3.0 THEORETICAL DEVELOPMENT

The theoretical development of UNSAT-H involves two components, the con-
ceptual model and the mathematical model. The conceptual model identifies
which environmental processes are thought to significantly influence soil water
flow at the Hanford Site. The mathematical model consists of a set of equa-
tions that quantitatively describe the processes outlined in the conceptual
model. The numerical implementation of these equations in the UNSAT-H code
is discussed in Section 4.0,

3.1 CONCEPTUAL MODEL

The development of a site-specific conceptual model for unsaturated water
flow begins with establishing a site-specific water balance equation. Such an
equation is a way of partitioning the water at a site into the three categories
of input, output, and storage. The water balance equation that forms the basis
of the UNSAT-H conceptual model is:

A =P -EFE~T-=D (3.1)

The term AW, located on the left-hand side of Equation (3.1), represents
the change in water storage over an interval of time. Water storage is cal-
culated as the average volumetric water content of the soil times the depth of
soil., The water balance equation simply states that the increase or decrease
in the amount of water stored in the soil profile is equal to the total
precipitation (P), minus the amount of water lost to evaporation (E),
transpiration (T), and drainage (D).

The second step in developing the conceptual model is to identify the
environmental processes and physical principles controlling each term in
Equation (3.1). It is important to understand the interrelationships among
terms in this equation. Any attempt to predict one term will be limited by the
prediction accuracy of the other terms.
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3.1.1 Precipitation

Precipitation at the Hanford Site averages about 16 cm per year, ranging
from less than 8 up to 28 cm in any given year (Stone et al. 1983). In addi-
tion to low annual rates, precipitation at the Hanford Site is highly seasonal,
with an average of 60 percent of the annual total coming between October and
February. During these months, a significant percentage of precipitation
may occur as snow. In fact, snowfall averages over 25 percent of the annual
precipitation total and 38 percent of the winter total.

The seasonal character of precipitation, together with the significant
proportion of snowfall, raises two issues that must be addressed at the level
of the conceptual model. The first question is whether to explicitly account
for snowfall and snowmelt or to treat snow as an equivalent amount of rain.
Snow covers the ground at the Hanford Site an average of 19 days per year, with
a range from as many as 54 to as few as zero days. The presence of a snowpack
may both delay the entry of water into the soil and affect evaporation rates.
The present conceptualization supporting UNSAT-H, however, is to view snow as
an equivalent amount of water. The UNSAT-H model does not attempt to simulate
snowmelt or the effects of snow cover on evaporation nor does it account for
snow sublimation effects.

The second issue raised because of winter precipitation is how frozen soil
affects infiltration and evaporation. If the climate at the Hanford Site were
such that precipitation were negligible during winter months, then the effects
of soil freezing and the depth of snow would 1ikely be small. However, the
presence of significant precipitation during winter months means that these
processes need to be considered. Simulating snowmelt and freezing soil is
currently beyond the ability of UNSAT-H, but the possibility of enhancing
UNSAT-H in the future to account for these processes is being investigated.

A water balance component that was not included in Equation (3.1) is over-
land flow (i.e., runoff/runon). When the precipitation rate exceeds the infil-
tration rate, water begins to pond on the soil surface. Overland flow occurs
when the soil's surface detention capacity is exceeded and there is some slope
to the ponded water surface. Overland flow is extremely unlikely to occur
during a rain event at the Hanford Site because the infiltration capacities of
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most of the soils exceed several centimeters per hour in contrast to the 100-
and 1000-year storm intensities of less than 2 or 3 centimeters per hour (Stone
et al. 1983). However, overland flow may occur when a snowpack melts quickly
and the soil beneath is frozen so that infiltration is severely restricted.
Overland flow has been observed at the Hanford Site under such conditions.

An overland flow component has not been included in the conceptual model
for UNSAT-H, partly because the process occurs so rarely, but mostly because
UNSAT-H is a one-dimensional model. When overland flow does occur, it is
caused, in part, hy variable surface topography. This is a multidimensional
process that a one-dimensional model cannot describe. For a one-dimensional
model to be applicable, the problem must be formulated as one in which water is
applied uniformly over the surface. Therefore, UNSAT-H can only be applied to
areas over which local runon/runoff processes can be represented by a uniform
precipitation rate over the entire area or to areas in which overland flow is
prevented, such as in lysimeters.

3.1.2 Evaporation

Evaporation is the process that dominates water loss from the surface of
bare (unvegetated) soil. When the soil surface is very wet, as it is just
after a heavy rainfall, the evaporation rate will be at a maximum. This
maximum rate, termed potential evaporation (PE), is determined largely by
atmospheric parameters that control the supply of energy to the surface and the
transport of water vapor away from the surface.

At the Hanford Site, the actual evaporation rate from a soil surface will
only equal the PE rate for the several hours immediately following a rain
event. More often, the evaporation rate is much lTower than the PE rate. The
reason is that as water evaporates from the soil, the soil profile begins to
dry, especially near the surface. Dry soil is a poor conductor of water and so
cannot supply water from the moist deeper layers to the evaporating surface
fast enough to maintain the PE rate. Thus, drying of the soil Timits actual
evaporation to a rate that is generally a small fraction of the PE. Because of
the soil dryness, an important idea in this conceptual model of evaporation at
the Hanford Site is that the evaporation rate is mostly limited by soil
conditions rather than atmospheric conditions.
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3.1.3 Transpiration

Transpiration is the evaporation of water from plants. When the soil
surface is well-vegetated with active plants, transpiration is usually the
dominant mode of water loss from the soil profile. Even when the #urface is
only sparsely vegetated, transpiration can rival evaporation as the primary
source of water loss from the soil. Exceptions to the above may occur during
certain times of the year when plants are dormant or reacting to extreme water
stress.

In a review of literature concerning unsaturated flow on the Hanford Site,
Gee and Heller (1985) reported that the plant community consists of a mixture
of sagebrush and cheatgrass, with lesser amounts of bitterbrush, rabbitbrush,
bluegrass, and Russian thistle. Rooting depths range from less than 100 cm for
cheatgrass, to 200 cm for sagebrush, 220 cm for rabbitbrush, 240 cm for Russian
thistle, and 300 cm for bitterbrush. Gee and Heller noted that areas of the
Hanford Site disturbed by construction or brush fires tend to become colonized
by a mixture of cheatgrass and Russian thistle. The exact composition of this
mixture will affect the water balance, because the shallow-rooted cheatgrass
will not remove as much water from the soil profile as would the deeper-rooted
Russian thistle.

Annual water loss caused by transpiration at the Hanford Site falls short
of potential transpiration (PT) just as annual evaporation falls short of PE.
The reduction of transpiration below the potential rate is caused by two
primary mechanisms. The first mechanism involves a decrease in plant biomass,

primarily leaf area.

When plants are stressed by lack of water, they may lose leaves, shoots,
and roots. This reduction in plant tissue means that less water is necessary
to maintain the remaining biomass. Reduction of plant biomass is a relatively
slow mechanism that responds to climatic conditions averaged over weeks or
months. On a diurnal or even an hourly basis, water loss can be reduced with
the second mechanism for reducing transpiration called stomatal closure.
Closing of stomata (small openings in the leaves) reduces plant water loss to
near zero. In addition, closure of the stomata reduces carbon dioxide uptake,
which Timits photosynthesis and reduces growth.
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The UNSAT-H conceptual model of transpiration relies on estimates of a
potential evapotranspiration rate (PET) that is calculated from climate data.
That potential rate is then modified by a crop coefficient that is a function
of either leaf area or time of year. The resulting potential transpiration
(PT) rate is applied to depths within the soil profile in proportion to the
fraction of roots at the respective depths. UNSAT-H currently allows for a
fixed rooting distribution throughout the year and a variable maximum depth of
root penetration. This conceptual model of transpiration offers some flexi-
bility to vary transpiration during the simulation, but only in a predetermined
way, never solely in response to the conditions of the specific simulation.
Some of the plant communities at the Hanford Site are mixed. That is, they
include perennial as well as annual species, each with its own life cycle and
rooting characteristics that influence the composite annual transpiration
distribution. The UNSAT-H model should not be applied to such areas until more
information is available on the behavior of mixed communities.

3.1.4 Drainage

The final term of Equation (3.1) is drainage, which is the movement of
water downward through the soil profile. Of particular interest is drainage of
water through the soil to the water table. This specific type of drainage is
known as ground-water recharge. As a practical matter, once water drains below
the root zone, there is little chance of it being drawn upward again. There-
fore, recharge is often defined as drainage below the root zone. Recharge is
perhaps the water balance term of most interest for waste management because of
its potential to move contaminants out of waste-disposal sites. The primary
objective of any waste-treatment facility such as protective barriers is to

reduce recharge and thus the drainage of water through the waste material.

Drainage is a result of the process of redistribution, in which the flow
of water through a soil system will occur in response to gradients in the
energy state of the water. Other mechanisms that might induce water flow, such
as geothermal gradients and barometric pressure fluctuations, have been shown
to be minor contributors to overall flow in soils under Hanford Site conditions
(Reisenauer et al. 1975; Jones 1978; Gee and Simmons 1979). The energy state
of water can be described by its potential energy, which is commonly assumed to
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consist of a gravitational potential, pressure or matric potential, and solute
potential. All of these potentials are expressed relative to the energy state
of pure, free water at atmospheric pressure and at some reference elevation.
Pressure or matric potential describes the water pressure difference from the
reference state. When the water pressure is greater than the atmospheric
pressure, the soil is saturated and we use the term pressure potential. When
the water pressure is less than the atmospheric pressure, the soil is unsatu-
rated and we use the term matric potential. Nearly all applications of UNSAT-H
will be for unsaturated problems, so the convention is to speak of matric
potential. The solute potential, which is the drop in potential energy caused
by the presence of solutes, is only effective in contributing to liquid-water
flow when there is a differential restriction of solute movement relative to
water. In the absence of a semi-permeable membrane, the solute potential is
commonly neglected. In the conceptual model, therefore, the energy state of
water is described by the sum of the gravitation and matric potentials; the sum
is usually called the hydraulic potential. Water continually redistributes
from areas of high water potential to areas of low water potential, regardless
of direction.

A final question to be addressed at the conceptual model level is whether
to include the flow of water vapor in the redistribution and drainage calcula-
tions. The above discussion of water redistribution in response to potential
gradients applies mainly to water in the liquid phase. In unsaturated soils,
water is also present in the vapor phase. Water vapor moves and redistributes
within the soil in response to vapor-pressure gradients. These vapor pressure
gradients can arise from either matric potential gradients in the liquid phase
or from temperature gradients within the soil. Water-vapor flow induced by
matric potential gradients is known as isothermal vapor flow. Vapor flow
induced by thermal gradients is known as nonisothermal flow.

Analyses like that of Campbell (1985) imply that isothermal vapor flow can
affect the near-surface (top 10 cm) water-content profile, although it is
unclear how this would affect long-term simulations of the water balance. Non-
isothermal vapor flow plays a role during evaporation when the surface soil is
dry and steep thermal gradients are present., Hammel, Papendick, and Campbell
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(1981) reported that exclusion of nonisothermal vapor flow resulted in a higher
predicted evaporative loss and poorer agreement between measured and predicted
moisture profiles in a seed zone. In contrast, Jones, Campbell, and Gee (1984)
reported that an isothermal model predicted water storage in a Hanford soil

more accurately than did a nonisothermal model.

In the current UNSAT-H model, vapor flow is considered as an isothermal
process. We recognize that isothermal vapor flow is not a dominant process in
the overall water balance, but have included it in anticipation of UNSAT-H
enhancements that would allow us to model nonisothermal flow. Plans to include
nonisothermal vapor flow will be intimately linked with plans to upgrade UNSAT-
H to a coupled soil-temperature/soil-water flow model that would allow us to
include other nonisothermal effects, like soil freezing and snowmelt.

3.2 MATHEMATICAL MODEL

The mathematical model consists of a differential equation with a set of
boundary conditions that together describe the processes that are listed in
Equation (3.1) and have been discussed for the conceptual model. The differ-
ential equation, a modified form of Richards' Equation (Richards 1931), des-
cribes the change in water storage, redistribution, and plant water uptake at
every point in the interior of the soil profile. Flow of water across the
boundaries of the profile is represented by specifying a flux (e.g., precipi-
tation, evaporation, or drainage) or by holding the boundary node head value
constant and calculating a flux (e.g., ponding, evaporation, water table).

In discussions of soil water flow, hydraulic potential is calculated as
the sum of the gravitation and matric potentials. The fundamental expression
of potential is as energy per unit mass expressed in units of Joules per kilo-
gram (J/kg). It is much more convenient and common, however, to replace the
term potential with head, which is energy per unit weight with units of centi-
meters (cm). Therefore, we commonly speak of the total potential as the
hydraulic head (H), the gravitational potential as the gravitational head (z),
and the matric potential as the matric head (¢). Note that gravitational head
and depth below the soil surface (z) are synonymous.
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3.2.1. Unsaturated Flow Equation

The development of the modified Richards Equation begins with Darcy's
Law. In its original form, Darcy's Law represented an empirical relationship
between the rate of flow in saturated sand and the hydraulic head gradient.
The differential form of Darcy's Law (Hillel 1980) is

(3.2)

where q is the volume flux of water per unit area, KS the constant of propor-
tionality commonly referred to as the saturated hydraulic conductivity, and
dH/dz the hydraulic head gradient. Darcy's Law can be extended to unsaturated
flow by replacing the saturated conductivity term with conductivity as a func-
tion of matric head, yielding

oH

q = - K(¢) 37 (3.3)

Equation (3.3) must be combined with the continuity equation in order to
describe transient flow. The continuity equation states that the change in
water content of a volume element of soil must equal the difference between
flux into and out of the element. For one-dimensional flow, the continuity

equation is

26 _  3q
== - (3.4)

Combining Equations (3.3) and (3.4) yields

o) oH
- [K(w —a—z—] (3.5)

In UNSAT-H, there are two sign conventions. The first convention concerns

el Ne}
@

gravitational head. With the soil surface as the reference elevation, gravi-
tational head can be equated with depth below the soil surface, z, and thus is
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negative. In UNSAT-H, however, depth measured from the surface is considered
positive. Therefore, in UNSAT-H, gravitational head is equal to -z. The
second convention concerns matric head, which is a negative number in unsat-
urated flow. In UNSAT-H, matric head is replaced with suction head (h), which
is the negative of matric head. Thus, a positive suction head represents a
matric head, and a negative suction head represents a pressure head. The cal-
culation of hydraulic head then changes from H = ¢ + z to the UNSAT-H form

H=- (h+ 2z) (3.6)

Using the chain rule of differentiation, 236/dt in Equation (3.5) can be
replaced by C(h) (dh/dt), where C(h) represents 36/dh (i.e., the negative

of the specific moisture capacity). With this manipulation and the incorpora-
tion of the identity h = -¢, Equation (3.5) becomes

dh _ @ dH

C(h) 3¢ = 37 [%(h) 5;] (3.7)
Combining Equations (3.6) and (3.7) and adding a sink term (S) for water uptake
by plants gives

i S - 5 [K(h) (%+ 1)] - S(z,t) (3.8)

where S(z,t) indicates that the sink term is a function of depth and time.
With slight rearrangement, Equation (3.8) is the same as that in Gupta et al.
(1978), Gee and Simmons (1979), and Simmons and Gee (1981).

To arrive at Equation (3.8), we assumed that 1) fluid is incompressible,
2) air phase is continuous, 3) air phase is at constant pressure, 4) flow is
one-dimensional, 5) flow is isothermal, and 6) vapor flow is negligible. The
first three assumptions are routinely made for unsaturated soil water flow
modeling and are considered valid for the Hanford Site at this time. The
fourth assumption, one-dimensional flow, is considered valid for most near-
surface modeling efforts, provided the surface is uniform and nearly level and
there is no overland flow. The fifth assumption, isothermal flow, is
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considered valid for the subsurface. At the surface, however, large tempera-
ture fluctuations are common and may induce flow. Attempts to quantify the
error caused by neglecting temperature-induced flow have failed. Therefore, at
this juncture, we have had to assume isothermal conditions. The final assump-
tion, that vapor flow can be ignored, is not considered valid. Hanford Site
soils dry out significantly during the summer and liquid-water conductivities
decrease dramatically, to the point where diffusion of water vapor from the
profile can be the dominant mode of water loss. For this reason, we have

incorporated isothermal vapor flow into our conceptual model.

The approach taken to model vapor flow is identical to that outlined by
Simmons and Gee (1981) and by Campbell (1985) and described by Fayer and Gee
(1985). The total flux of water (qt) between two points in the soil is the sum
of the liquid and vapor fluxes (q1 and qy, respectively), or

qt = q] + qv

The Tiquid flux is calculated with Equation (3.3). The vapor flux can be
determined with Fick's first law of diffusion (Hillel 1980), which is

-Dv %,

Yo BT (3.9)

D, represents the apparent diffusion coefficient of water vapor through the air
space of the soil. The vapor density is p,. The density of water, Pys 18
included here to convert the units of vapor flux into units compatible with

those of qy. The apparent diffusion coefficient can he expressed as

D =a (¢ -06)D

. (3.10)

a
(Hi11lel 1980). ‘The parameter a, an empirical pore-tortuosity factor, is com-
monly given the value of 0.66 (Penman model). The total soil porosity is ¢,
which means that the quantity (¢ - 8) represents the air-filled porosity. The
diffusion coefficient of water vapor in bulk air is Da'
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The vapor density at a specific point in the soil can be related to the

saturated vapor density (p and relative humidity (RH) by

VS)

Py = Pyg RH
The saturated vapor density can be calculated from the soil temperature (TS)
with the empirical equation

Py = 1000 M exp[54.878919-(6790.4985/T)-5.02808 1n(T)1/RT

(Doorenbos and Pruitt 1977), where M is the molecular weight of water and R the
gas constant. From the soil suction head (Campbell 1985), the relative

humidity can be determined using

RH = exp [%%%Q] (3.11)

where g is the gravitational constant. Using the chain rule of differentiation
on Equation (3.9), differentiating Equation (3.11), and combining the results
yields

-D_ dp D p. . Mg _
q = \ v oh _ “v Pvs exp [ hMg] oh (3.12)

v E;—'bh dz p, RT RT dz

Equation (3.12) is similar to the flux equation for liquid flow. As such, most
of the parameters can be lumped together to yield a vapor conductivity term,
KV, where

K. = _EX__XE_!E ex :ﬂ¥ﬁ (3.13)
v o RT P IR .
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Equation (3.8) can now be rewritten to include the contribution of vapor flow:

C(h) %—2— = —;—2— ‘:KT(h) %—2— + KL(h)t\ - S(z,t) (3.14)

where Ky = K|+ Ky. This equation is the modified Richards equation that
serves as the primary differential equation solved by UNSAT-H. It describes
change in water storage, redistribution of liquid water, isothermal vapor flux,
and plant water uptake. This equation is applied at every point in the e
interior of the soil profile.

To solve the flow equation, UNSAT-H must be supplied with functional
relationships for both hydraulic conductivity and water content as functions of
suction head. The capacity term can be calculated by UNSAT-H from the soil
water retention curve. Together, these two functions form the necessary set of
hydraulic properties required by UNSAT-H., The UNSAT-H code contains three
options for describing the soils hydraulic properties: polynomials (Bond,
Cole, and Gutknecht 1984), Haverkamp functions (Haverkamp et al. 1977), and
Campbell functions (Campbell 1974).

The polynomial option allows up to four polynomials of the forms

a+ b log(h) + ¢ 1ogz(h) +d 1og3(h) + e 1094(h) and

[«
il

log K a + b log(h) + ¢ 1092(h) +d 1093(h) + e 1094(h)

to be used to describe each soil property. Bond, Cole, and Gutknecht (1984)

developed a computer program that can be used to fit polynomials to measured

soil hydraulic data and to ensure that the fit is continuous at each of the

matching points. The two major advantages of this option are that the user can

easily fit polynomials to any data set and that the user can extend the poly- :,
nomials into the high suction head range. A disadvantage of the polynomial

option is that is consumes slightly more computer time for representing soil

properties than the other options. -

3.12



T

In the second option, the soil properties are described by equations of
the forms

0=06 +a (8 -0)/(x+ [n®) and (3.15)

S

~
I}

Ko A/(A + In|®)

where Or is the residual water content, 0 is the saturated water content, and
a, b, A, and B are curve-fitting parameters (Haverkamp et al. 1977). The
option exists in UNSAT-H to replace the h term in Equation (3.15) with In(h).
McKeon et al. (1983) developed two programs that can be used to fit the
Haverkamp functions to measured soil hydraulic data.

In the third soil property option available, the Campbell functions
(Campbell 1974), the soil properties are fit with equations of the forms

D
il

1/b
8¢ (ho/h)(1/P) and

~
i

= Ks(he/h)(2+3/b)

where h, represents the air-entry pressure head (the point at which the soil
begins to desaturate) and b is a curve-fitting parameter. A problem arises
when this option is used for layered soils, however, because the soil proper-
ties are not described for head values below he' If two adjacent materials
with different he values should become nearly saturated, a situation could
arise where flow is artificially induced in the wrong direction. Therefore,
this option should not be used for layered systems.

3.2.2. Transpiration

The Toss of water through plant water uptake and transpiration is treated
as a sink term in the flow equation. The calculation of the sink term is
accomplished in three steps. First, PET is partitioned into potential trans-
piration (PT) and potential evaporation (PE), subject to the constraint

PET = PT + PE
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In the second step, PT is distributed over the root zone in proportion to the
relative root density at each depth. This effectively establishes a potential -
sink term for each depth. The final step is to modify the potential sink term ‘
of each node, based on its moisture content, to arrive at the actual sink

term. Calculation of the sink term in this manner was proposed by Feddes,

Kowalik, and Zaradny (1978). -
There are two methods to partition PET in the UNSAT-H code. In the first
method, PT is calculated from the leaf area index (LAI) with the equation P

PT = PET(-0.2140.70 LAI) for 0.1 < LAI < 2.7, (3.16) -

developed by Ritchie and Burnett (1971) for cotton and grain sorghum. Ritchie
(1972) noted that PET in Equation (3.16) was actually net radiation and not PET
as calculated with the Penman combination equation (Doorenbos and Pruitt 1977).
Seasonal LAI data are not currently available for the plant communities at the
Hanford Site, hence this option has not been tested on Hanford data sets.

The second method for partitioning PET uses local cheatgrass data. Hinds
(1975) conducted field experiments with cheatgrass growing in small microlysi-
meters located in a field plot on the Hanford Site's Arid Lands Ecology (ALE)
Reserve. During April and May 1972, he measured total and net shortwave radia-
tion, soil heat flux, evaporation, and transpiration, and calculated net long-
wave radiation with an empirical equation. Hinds then related transpiration to
the total net radiation and computed what might be considered a crop coef-
ficient. The relationship is shown in Figure 3.1, with the shaded portion
representing the ratio of transpiration to net radiation over a 2-month period.

According to Klemmedson and Smith (1964), cheatgrass usually germinates in
the fall, remains dormant during the winter, resumes growth in early spring,
and flowers and dies of either maturity or lack of soil moisture by early
June. To use UNSAT-H to simulate the phenology of cheatgrass, we have extended
the transpiration relationship (shown as a cross-hatched area in Figure 3.1)
throughout the growing season. The code user can do this by choosing two
dates, NSOW and NHRVST., The first, NSOW, is the day when the cheatgrass seeds
germinate. The second, NHRVST is the day when the cheatgrass plants cease

4
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FIGURE 3.1. Relationship Between Transpiration, Net Radiation (Rn), and
Day of the Year

transpiring. Because the exact dates for these two parameters are unknown,
they are left as variables for the code user. As seen in Figure 3.1, the
transpiration/net radiation ratio increases linearly between NSOW and the first
day of maximum transpiration (Day of the Year 90), and it decreases linearly
from the last day of maximum transpiration (Day of the Year 151) to zero on
NHRVST.

From year to year, plant biomass production {and thus transpiration) will
vary from that observed during Hinds' experiment because of the weather or
possibly nutrient availability. At the present time, the exact relationship
between biomass and transpiration has not been established for cheatgrass or
other common species at the Hanford Site. Therefore, an empirical relationship
is used to estimate the effect of increased biomass on transpiration. Hinds
(1975) measured a shoot biomass production of 220 g/m2 over the course of his
experiment. If we assume a direct relationship between shoot biomass and
transpiration, we can alter the transpiration ratio within UNSAT-H by specify-
ing a value for shoot biomass other than 220. For example, specifying a shoot
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biomass of 440 g/m2 will result in doubling the transpiration/net radiation
ratio, with the constraint that the ratio must fall between 0.0 and 1.0.

Once PT is determined, the transpiration demand is applied to the root
zone using the volumetric sink term of Equation (3.14). The sink term of each
node is assigned a fraction of the transpiration demand, with the fraction
calculated as the root-length density of the node divided by the total root
length within the soil profile. Cline, Uresk, and Rickard (1977) have measured
end-of -the-growing-season distributions of below-ground biomass (both 1iving
and dead tissue) in two plant communities on the ALE Reserve. Figure 3.2 shows
the total root biomass distributions for an annual grass community (mostly
cheatgrass) located at the 1000-ft elevation and for a perennial grass com-
munity (mostly bluebunch wheatgrass) located at the 1200-ft elevation. Note
that the cheatgrass root biomass was greatest in the top 30 c¢cm (0 to 3 dm) of

soil.
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FIGURE 3.2. Root Mass at the End of the 1974 Growing Season in Cheatgrass
and Bluebunch Wheatgrass Communities (After Cline, Uresk,
and Rickard 1977)
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The cheatgrass root biomass data of Figure 3.2 were normalized (Table
3.1). Assuming that the normalized total root biomass could be directly
related to root-length density, the root-length density (RHO) could be related
to the depth (z) below the surface by

RHO = a exp(-bz) + ¢ (3.17)

where a, b, and c are coefficients that optimize the fit to the normalized
biomass data (a = 1,163, b = 0,129, and ¢ = 0.020). The units of RHO are cm
roots/cm soil. To calculate the root-density function (RDF), the values of RHO
are multiplied by their respective depth intervals to obtain the total root
length. Each RHO value is then divided by the total root length to obtain the
RDF value for each depth. Table 3.1 contains the RDF values calculated for two
depths of root penetration.

After PT is distributed throughout the root zone, the final step is to
calculate the actual transpiration or sink term at each depth. This is done by
multiplying the potential sink term (Spot) of each node by a¢, a factor that is
less than or equal to 1.0 and is a function of the soil water content of the
respective node. The factor ar relates the transpiration rate to the moisture
status in the root zone. An example function is shown in Figure 3.3. When the

TABLE 3.1. Cheatgrass Root Biomass Data, Root-Length Density (RHO),
and Root-Density Function (RDF)

Depth Root RDF, 1/cm
Interval, Biomais, Norma]ized RHO ' Roots Penetrate to
cm g/m Biomass cm root/cm soil 80 cm 20 cm
0-10 499 .4 0.630 0.630 0.0629 0.0770
10-20 145.5 0.184 0.188 0.0188 0.0230
20-30 51.1 0.065 0.066 0.0066 --
30-40 31.5 0.040 0.033 0.0033 --
40-50 25.6 0.032 0.024 0.0024 --
50-60 15.7 0.020 0.021 0.0021 --
60-70 11.8 0.015 0.020 0.0020 -~
70-80 _11.8 0.015 0.020 0.0020 --

Total 792.4
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soil moisture content of a node is greater than 0,5 af equals zero because the
soil is so wet that it is anaerobic, and the plant ceases water withdrawal from
that node. When the soil moisture content is between ed and en, ag is 1.0 and
the rate of withdrawal is equal to Spot' [f the soil moisture content is
between 6, and 6,, the rate of withdrawal is reduced by the appropriate amount
(see the variation in ag in Figure 3.3). When the soil moisture content is
Tess than 6, a¢ equals zero to indicate that the plant has stopped withdrawing
water from that node. Currently, choices for moisture content values of 9,
64> and 6, are left to the code user because data are lacking.

3.2.3. Boundary Conditions -

The above discussion of the flow equation and the plant sink term apply to
points in the interior of the soil profile. The flow of water across the sur-
face and lower boundary of the soil is determined by boundary condition
specifications.

During precipitation events, the upper boundary (i.e., the infiltration
rate) is specified as a flux that is equivalent to the precipitation rate. If .
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the head of the surface node should decrease below the minimum suction head,
the upper boundary becomes a constant head equivalent to the minimum suction
head. While the surface boundary is a constant head, infiltration is calcu-
lated as the sum of the change in storage of the surface node and the flux
between the surface node and the one below it. The problem continues as one of
constant head until the precipitation rate falls below the potential infil-
tration rate and the head of the top node increases above the minimum suction

head. At that point, the upper boundary reverts to being a flux.

During evaporation, the surface boundary condition is either a flux or a
constant head. The boundary condition will be a flux equivalent to the
potential evaporation rate (PE) as long as the suction head of the surface node
does not exceed the maximum suction head, a value that corresponds to air-dry
soil. When the maximum head is exceeded, the problem is continued with a
constant head boundary in which the surface node head is held equal to the
maximum head value. Under such conditions, the evaporation rate is always less
than PE and is calculated as the sum of the change in storage of the surface
node and the flux between the surface node and the one below it.

The second boundary to be specified is the lower boundary. Four options
are available. The lower boundary can be set to a fixed-head, a unit-gradient,
a flux, or an impermeable boundary (i.e., zero flux). The fixed-head option is
most often chosen when the soil profile being simulated extends to a static
water table, in which case the fixed-head value would be zero. The unit-
gradient option corresponds to gravity-induced drainage and is most appropriate
when applied to soil profiles that extend at least out of the root zone and in
which drainage is not impeded. With the unit-gradient lower boundary, the
drainage flux that is calculated depends on the conductivity of the bottom
node. Whenever drainage fluxes are known, they can be input directly using the
flux option. Finally, the impermeable-bottom boundary condition can be used
for situations in which drainage is restricted (e.g., in closed-bottom
lysimeters).
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4,0 NUMERICAL IMPLEMENTATION

The equations used to represent our conceptual model are solved numeri-
cally with a Crank-Nicholson finite difference scheme. In this scheme, the
mathematical equations are approximated with finite difference equations in
which a finite grid represents both the space and time derivatives. There is
some error associated with this approximation, but the error can be minimized
by increasing the number of space and/or time grid intervals. The finite dif-
ference equations can be formed into a matrix that is amenable to an iterative
solution scheme,

4,1 FINITE DIFFERENCE APPROXIMATION

In the Crank-Nicholson method, the time derivatives are evaluated at the
grid midpoints. Thus, Equation (3.14) is approximated in the computer code as

hj ) hj-l
(M) e ]
¢ i+17%4-1
where J + Cj'l
REVES
i 2
¢’ p gl
j=1/2 _ Titl/2 i$1/2
i+l/2 ~ 2

The subscript i denotes the node at depth z;. The superscript j denotes the
time step tJ. The sink term, Sy, is directly calculated in the code as a
function of the time of day and the water content, 913'1/2.
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The flux terms at the space node midpoints are approximated by

J J h$+1—h$ J

q. = K —_— I+ G K
+ -
/2T e i+1/2
j j hg-hi 1 j

q. = K ———— I+ G K
=12 T o \&i7% Lis1/2

The G term is the gravity flow factor. When G has a value of 0, the gravity
contribution to flow is neglected, thus allowing for simulation of horizontal
problems. When G is 1, the gravity contribution to flow is included.

The conductivity between nodes can be calculated as either the arithmetic
mean, with an option for weighting the arithmetic mean to the upstream or down-
stream flow direction, or the geometric mean. The appropriate equations are

op kY« x 3 Ve pown (kI 4k
. L.~ v, L V.
J _ i i i+l i+l

T1'+1/2 2
and . . . . -\ |1/2
KTJ - KLJ 4 KVJ KLJ + KVJ
i+l/2 i i i+l i+l

for the arithmetic (where UP+DOWN = 1) and geometric means, respectively.
Values of K, are calculated from the input soil properties based on the head
value of the corresponding node. The value of Ky is calculated from

-hq Mg

KVJ = VAPCOE (¢ - eg) EXP

. RT
j

where VAPCOE is a collection of the constant terms in Equations (3.10)
and (3.13).
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4.,1.1 Interior Nodes

Equation (4.1) is rearranged to solve for the head values at the end of a
particular time step, with the general form of the rearranged equation being

* 3 * ] *
+ B, h+c h) =D (4.2)

-1 i il

For the boundary nodes, the exact form of the coefficients in Equation (4.2)
will depend on the boundary conditions chosen. For all interior nodes, how-

ever, the coefficients for nodes I = 2, n-1 will be

A* K J /
. zZ, .-Z, Z. -7,
i Ti-1/2 [( i+l 1-1)( i 1-1)]

* i J J
B, = ——— - |k /(z. -z.) + K /(z.-z. ) /(z. -z, )
i tJ_tJ 1 Ti+1/2 i+l i Ti-1/2 i oi-1 i+l i-1

C* K J /‘ I
. = Z. -Z. Z. -Z.
! T'i+1/2 < i+l 1_1)(1+1 1)

j-1/2  j-1
* i ; ‘o . .
D = 1. .11 _ Sq 1/2 _ G KLJ _ KLJ
! t) -t ! Zi#l” %1\ Titls2 i-1/2
. pd=d il . it pd-l
1 K j-1 i+l i K j-1 i i-1
- T _ T ;
241 T %ol i+l/2 Zivl T 5 'i-1/2 Zy T4

i1 i1
+ G <KLJ - KLJ
i+1/2 i-1/2
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4,1.2 Surface-Boundary Node

The coefficients for node 1 will depend on the surface-boundary condition
chosen, One option in UNSAT-H is to specify a constant head for node 1. The
resulting solution equation for node 2 is
J‘ * J * *

* Cnd op ot
By oy oy =0, - AN

In this case, the number of equations in the solution matrix is reduced by one

because hy is already known.

Another surface-boundary option in UNSAT-H is to specify a surface flux,
either evaporation or precipitation. The special form of Equation (4.2) for
this case looks like

* J * J *
B1 h1 1 2
*
where A1 =0
. . . ) )
B1 Cg 1/zl(t‘] tJ 1) - KTJ /(z2 - 21)
3/2
*
C. = KTJ /(z2 - 21)2
3/2
REVIRE
. : . 1/ . 1/ .
D) = : 11 - g Y 7 1 7 -2qi/2/ +G KLJ
) -t 2 " 7 3/2
j-1 j-1
h - h
N KTJ-l ZZ Z1 ‘6 KLJ-l
3/2 2 7 A 3/2
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Note that the time-averaged flux qi;;/z

is specified by the user. If, during a
time step, the surface head value should fall outside the range of values per-
mitted (being either too wet or dry), then the surface head is set to the
appropriate limit and the problem is re-solved for that time step for the
remaining nodes. At the start of the next time step, the program will again

assume a flux surface condition.

4,1.3 Lower-Boundary Node

Of the four options for determining the lower-boundary condition, one is a
fixed-head option. In this option, the user specifies in the initial condi-
tions what the head value of the node will be., The solution equation for node
n-1 changes to
* J * J * * J

h -C h

An-l hn-2 ¥ Bn-1 n-1 N Dn-1 n-1 n

and the number of equations to be solved is reduced by one. The user can
specify a constant water-table condition by using this fixed-head option and
setting hn to zero.

The three remaining options are flux options. The general form of Equa-
tion (4.2) pertinent to all three options is

* 3 * 1 *
A nd +B n =D
n n-l1 n n n

where

i}

* J 2
A K -
n T /(Zn Zn-i)

n-1/2
j-1/2
* Ci / J 2
Bn = - - K /(zn - zn 1)
£ - td n-1/2
*
C =0
n
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i-1/2  j-1 -1 i -
-1/ hJ . ) hJ - hJ
* n n 1 j-1/2 j-1 n n-1
Dn B j -1z z 2qn+1/2 B KT z z
tJ - tJ n n-1 n-1/2 n n-1
1 .
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For the impermeable-boundary option, q, is set to zero. For the specified-flux
boundary, dp, is set to values entered by the code user, For the unit-gradient
boundary condition, the flux is calculated as

i-1/2 1/, ] j-1
UGe1/2 = E’(KLn R )

n

4,2 TIME STEPS

To solve the system of non-linear equations with a minimum of the error
associated with the time discretization, the time steps must be kept small.
Optimally, the time-step size would be infinitesimal. Practically, however,
the time-step size must be finite to ensure that a solution can be reached in a
reasonable amount of real time. In UNSAT-H, the time step is allowed to vary
between specified minimum and maximum values. The actual size of a particular
time step will depend on the assessment of the mass-balance error. The only
other controls on the time step are that the sizes of the initial time step and
the time step at the start of an infiltration event are specified by the code

user,

During simulations, time-step adjustments are carried out in the following
manner., At the end of each time step, an error calculation is performed and
that error term is compared to the allowable limit. If the limit is exceeded,
the present time-step calculations are rejected, the time step is reduced, and
the solution matrix is recalculated and solved. This process will continue to
occur until either the error term is within the allowable level or the time
step is reduced below the minimum time-step value. At that point, the program
will accept the solution and its error and proceed with the simulation using

the prescribed minimum time step.
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When the error is within the allowable 1imit, the next time step will be
increased relative to the one just completed. Each successive time-step size
can be increased until the maximum allowable time step, as defined by the user,
is reached. From then on, as long as the error criteria are satisfied, the

- time-step size will be set to the maximum value.

There are two options for calculating an error term in UNSAT-H., The
first, which is identical to that used by Gupta et al. (1978), is to monitor
the nodes for the largest fractional change in 6 over each time step. The
largest fractional change is calculated as

Error = MAX

Although this is not exactly an error term, it does allow the user to monitor
the system for the node with the fastest-changing moisture content. Generally,
that node is likely to be the point of the greatest simulation error.

The second option in UNSAT-H is to calculate an actual mass-balance

error, First, soil-water storage at the end of a time step is calculated using

n-1
z, -2 z -2z z -z
o ben) G ) 5 G )
= . S— - —
W= —="9 2 % 2
i=2
Then the mass balance error for the time step can be obtained using

Error = AIJ - AEJ - ATJ - ADJ - AwJ

where the terms AIj, AEj, ATj, ADj, and ij refer to the amounts of

. infiltration, evaporation, transpiration, drainage, and change in storage,
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respectively, that have taken place over the time step. As with the first
time-step option, this error term can be compared with the maximum allowable
error to determine if the time-step size should be increased or decreased.
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5.0 CODE NESIGN

The UNSAT-H model consists of three main programs: DATAINH, UNSATH, and
DATAOUT. The interconnections among these three programs, as well as the
file specifications and subroutine calls, are illustrated in Table 5.1. The
"*" in the file names is a "wildcard character" that can be replaced by any
problem name. For example, the input file for a drainage problem might be
called DRAIN,INP., The three-character ending of the filenames (e.g., BIN, RES)
is called the "filename extension". There is a convention in the UNSAT-H model
that BIN indicates a binary input file, INP an ASCII input file, RES a binary
results file, and LIS and OUT are ASCII results files.

5.1 INPUT PROGRAM DATAINH

The purpose of DATAINH is to process the input data that is destined for
the UNSAT-H program. Having DATAINH preprocess the data lessens the likelihood
that UNSAT-H will fail to run because of input errors. Thus jobs (program
runs) submitted to run overnight have a greater l1ikelihood of running suc-
cessfully given that the input data have already been checked by DATAINH,

The DATAINH program, which is run interactively, reads the data contained
in the specified *,INP file, checks for errors, performs calculations, and then
writes the data in binary form to a file with the same name as the input file
but with the extension BIN. The error checking done by DATAINH mostly involves

TABLE 5.1 Data Flow, Program Tasks, and Subroutines

Input Output Files Subroutines
Files Program Purpose or Device and Functions
*,INP DATAINH Process Input * BIN (binary MYHRLY ,POLYCH,
(ASCII Data format) POLYKH ,POLYTH ,RHO
format)
* BIN UNSATH  Model Calculations *.RES (binary DELCHK ,POLYCH,POLYKH,
(binary format) POLYTH,RHO,TRIDAG
format)
*.RES DATAOUT Process Output screen, printer, HARDCOPY,LISTDATA,
(binary Data *,0UT,*.LIS, READREC ,REINIT ,SCAN,
format) TOSS.OUT (ASCIT  SUMMARY
format)
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checking whether the choices for various options exist (e.g., if an option 3
was chosen although only options 1 and 2 exist), whether array dimensions are
exceeded, and whether rainfall dates are listed in ascending order.

Besides error checking, DATAINH also calculates 1) water contents, con-
ductivities, and capacities at both the upper and lower head limits 2) a vapor
transport coefficient; 3) leaf area index for each day of the simulation;

4) the maximum depth of root penetration for the simulation period; 5) 6w, 6d,
and on for each soil material; 6) hourly factors for distributing the daily
PET; 7) the daily bottom flux (if chosen as an option); and 8) potential trans-
piration and evaporation, the sum of which is PET,

Whenever estimates of soil hydraulic properties are required, DATAINH
calls the subroutines POLYCH, POLYKH, and POLYTH to calculate capacity, con-
ductivity, and water content, respectively. Plant rooting distribution is
calculated with a call to the function RHO., Note that UNSAT-H uses the
identical function. Hourly factors to distribute daily PET are calculated by
the subroutine MYHRLY.

A1l of the data required by UNSAT-H are output to a *.,BIN file in the
arrangement shown in Figure 5.1, Dimensions and variable type for each para-

meter are shown in the code listings located in Section 8.1.

5.2 UNSAT-H

The UNSAT-H program is the heart of the model. The *.BIN file created by
DATAINH serves as the input file for UNSAT-H. The major steps executed within

WRITE(LUB) IPLANT,LOWER,NDAYS,NDAY ,NPRINT, | TOPBC,HTOP,
KOPT ,KEST ,UP ,DOWN,, | VAPOR ,DAYEND ,NYEARS , I SWD I F,
MATN,NPT,NGRAV ,MAXSUB,MAXPOL ,NSURPE ,NSOW ,NHRVST,
INC,MXROOT ,NWATER

WRITE(LUB) DMAXBA,DELMAX,DELMIN,RAINIF ,RFACT,HIRRI ,HDRY ,SATURK ,
DRYK , SATURC ,DRYC,AA,B1,B2,TMOIST,LOGE , SLOPTH ,SLOPKH

WRITE(LUB) TITLE,Z,H,NTROOT, THETAW,THETAD , THETAN,RDF ,FPET, THETA,
ZK,C,MGR, VAPCOE,TSO! L ,PTRANS ,PEVAPO, WOLEAK

WRITE(LUB) MAT,IHY

IF (NWATER ,GT, 0)

WRITE(LUB) IRDAY, IRTYPE,EFICEN,NP,(RTIME(J),AMOUNT(J),J=1,NP)

FIGURE 5.1, Format of the *.BIN File Created by DATAINH For Input to
UNSAT-H., LUB is a logical name for the binary output file.
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UNSAT-H are illustrated in Figures 5.2 and 5.3. The steps start with data
input and end with the final simulation summary output to file *.RES.

While executing, UNSAT-H calls the subroutines POLYCH, POLYKH, and POLYTH
whenever soil hydraulic property information is needed. When plants are being
simulated, function RHO is called to calculate the rooting density. Subroutine
DELCHK is called at the end of every time step. If the solution for a par-
ticular time step is judged to be unsuccessful (e.g., mass-balance error too
large), the solution is rejected, DELCHK decreases the time-step size and the
problem is resolved. Conversely, if the solution is acceptable, DELCHK pro-
jects an increased time-step size to the next step. The projected time-step
size is bounded by user-determined maximum and minimum limits. The final sub-
routine called hy UNSAT-H is TRIDAG, which is the matrix solver.

A certain amount of simulation data is output to the *.RES file, including
initial conditions, DELSUB and day-end values for head, moisture content,
fluxes, sinks, water balance terms, and, at the end of the file, the
simulation-end results. The *,RES format is shown in Figure 5.4 while the
dimensions and variable type for each parameter are shown in the code listings
in Section 8.1,

5.3 OUTPUT PROGRAM DATAOUT

The purpose of DATAOUT is to process the UNSAT-H output data. Speci-
fically, DATAOUT converts the binary output data into ASCII format so that the
results can be sent to a screen for viewing or to either a printer or a file
for a permanent record. The program DATAOUT, which is run interactively, reads
the first record of the data file and uses subroutine READREC to read the
DELSUB and daily summaries and subroutine SUMMARY to read the simulation-end
summary. The main program, DATAOUT, uses the four subroutines described in
Table 5.2 to output the data.
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Read *.BIN vg:)':\?jilt?c;tr:zl Initialization _ IYEARS>
File To *RES File of Variables | 4 WARS
N

Write Yearly Summary
to *.RES File

Y
Initialize Daily N IDAY> P Initialize Yearly
Variables NDAY T A Variables

Yy
Y Update Yearly Write Daily Summary
Totals [ to =.RES File
N
Update Daily
>... — | LS - e
1 DELSUB Loop < 2 Totals
Increase DELT for | /" \y 0 bl SUB Summary Y
Start of Next “% L to »RES File
DELSUB Period
N

FIGURE 5,2, Flow Chart of UNSAT-H
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Initialize Calculate Internodal

1 DELSUB T—> Conductivities, Matrix —
Variables Coefficients

CALL TRIDAG
Solve Matrix

|

Set Surface Head to N

<+ Limit and Repeat Step
As Constant Head Problem

Surface
Head Within
Limits

CALL DELCHK N Mass ™
Decrease Time Step Balange .W'thm
Limits
DELSUB DELSUB Totals CALL DELCHK
2 — <«
Complete Updated Increase Time Step

FIGURE 5.3. Flow Chart of DELSUB Loop Within UNSAT-H

c Output of simulation parameters to tirst record of *,RES flle
WRITE(LUB,REC=1) NPT,IPLANT,(Z(I),|=I,NPT),DAYEND,NPRINT,NSURPE,
# NTOTAL , | FILE,SDATE,STIME
C Output of daily totals at the end of each simulated day
C (format for DELSUB totals is identical)

IF (IPLANT ,EQ. 0) THEN
WR1TE(LUB,REC=IREC) IDAY,HOUR, (H(J),THETA(J),DAYQ(J),

# J=1,NPT) ,DAYINF ,DAYRAN,DAYE,DAYTRA,
# DAYRUN,TPREV,TMOIST,DAYSTP,PE,PT,DAYTlM,
# DAYAST ,DAYUBC
ELSE
WRITE(LUB,REC=IREC) 1DAY ,HOUR, (H(J) ,THETA(J) ,DAYQ(J),

# DAYSNK(J),J=1,NPT) ,DAY{NF,DAYRAN,DAYE,DAYTRA,
# DAYRUN, TPREV,TMO! ST,DAYSTP ,PE,PT,DAYTIM,
# DAYAST,DAYUBC

ENDIF

C Output of simulation totals at the conclusion of the simulation

WRITE(LUB,REC=IREC) IDAY,G,IPLANT,TPET,TPT,TTRA,TPE,TE,TETRAN,
# TRUNOF,TINF,TTIM,TRAIN,APLIED,TTIRRI,TMOIST,TERR,
# TSTP,(TQ(1),i=1,NPT),TAST, TUBC

FIGURE 5.4. Format of the *.RES Output File Created by UNSAT-H. LUB is
a logical name for the binary output file,
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Subroutine

TABLE 5.2. Subroutines Called by DATAOUT

Function

REINIT

SCAN

HARDCOPY

LISTDATA

Creates an output file (called TOSS.OUT) containing the final
simulation head values in a format ready for inclusion in a *.INP
file. The TOSS.OUT file can serve as the initial condition for
simulating the next year. This option performs the same function
as the program REINITIAL does for UNSAT1D (Bond, Cole, and
Gutknecht 1984).

Allows the user to see on the screen a summary of the initial
conditions, any day of the simulation, or the final simulation
results. No hardcopy listings are created here.

Creates a *.0UT file. There are two choices for what goes into
the file: a summary of the first and last simulation days and the
simulation summary, or a summary of every DELSUB period and day as
well as the simulation summary. The *.0UT file generated with the
second choice is very similar to the *,0UT file created by UNSAT1D
(Bond, Cole, and Gutknecht 1984).

Generates data files for plotting purposes. Variables that can be

listed as a function of time include head, water content, infil-
tration, fluxes, and storage.
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6.0 USER MANUAL

There are three basic steps to using the UNSAT-H model to solve a flow
problem. First, the problem must be formulated in terms of the conceptual
model and available site characterization data. Second, the data necessary to
describe the formulated problem must be assembled in a form that can be used by
the model. Finally, the model is run and the results processed for eventual
analysis.

6.1 PROBLEM FORMULATION

Application of the model to a particular problem requires that the problem
be formulated in terms understood by the model. Problem formulation entails
constructing the space grid, assigning soil and plant properties, defining the
boundary conditions, and specifying program control options.

As an example, suppose that the water dynamics of the site illustrated in
Figure 6.1a are to be simulated. The first action would be to note that the
problem is one of vertical flow and therefore requiring a grid of nodes
arranged in the vertical direction, as in Figure 6.1b. The nodal spacing
should be very small near the surface and get progressively larger moving down-
ward through the profile. The smaller node spacing near the surface is neces-
sary for a correct solution because very large and sudden changes in suction
head are expected as the surface dries and wets up because of evaporation and
precipitation. Therefore, node spacing of 0.1 cm near the surface is commonly
used. In situations where head changes at the surface are less dramatic, such
as under constant ponding, the node spacing can be increased. By convention,
the first node is located at the soil surface and the last node at the bottom
of the simulated soil profile.

There is a definite trade-off between the number of nodes simulated and
computer time. Other things being equal, a greater number of nodes will pro-
vide a more accurate solution but will require more computer time. If you are
uncertain whether a sufficient number of nodes was used for a particular prob-
lem, repeat the simulation with more nodes and see if the solution changes. If
the solution remains nearly the same, then the extra nodes were not necessary.
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FIGURE 6.1, Example Problem Formulation: a) Site Description; b) Model
Representation
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If the solution does change, then the original number of nodes was too small,
ie., the node spacing was too large. In that case, repeat the simulation with
smaller node spacings until the solution does not change measurably.

In the particular example shown in Figure 6.1, the soil type changes at
the midpoint of the profile. This kind of change may present some difficulty.
Therefore, decrease the node spacing near the interface of two materials so
that there are more nodes in that vicinity. Again, the number of nodes should
be increased (i.e., nodal spacing decreased) until the solution does not
change.

After constructing the space grid, the next step is to assign soil proper-
ties. In the example in Figure 6.1, there are two soil types. Nodes located
in the zone of each soil would be assigned the soil hydraulic properties of
that soil. In many situations, soil layering is less clearly defined. In
those cases, decide which soil types are dominant, perhaps averaging soil
properties for the whole soil. For example, the hydraulic properties of two
soils may be sufficiently alike that they can be considered as one soil.

Once soil properties have been assigned, decide on initial conditions,
i.e., specify the head values at the start of the simulation period. In most
instances, soil characterization data will consist of moisture content meas-
urements taken with a neutron probe at several depths within the profile. From
these measurements, moisture contents must be assigned to each node. Unfor-
tunately, the depths of measurement are unlikely to coincide with the nodal
depths. Therefore, the nodal moisture content values must be interpolated
between the moisture content measurements. The nodal moisture contents must
then be converted to head values (the initial conditions required by UNSAT-H)
according to the soil hydraulic properties assigned to the respective node.

The next stage in problem formulation is to describe any plants present.
The plant data required include fractional cover, dates of germination and
death, rooting depths, and plant responses to moisture stress.

Boundary conditions must be identified next. The lower boundary in Fig-
ure 6.1 is unknown. We know that it is not impermeable, that we do not have
measurements of the drainage rate, and that the head of the lowest node is not
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likely to remain constant for long periods of time. As an approximation, a
unit gradient can be assumed to exist at the lower boundary because the bound-
ary is well below the root zone. For the surface boundary, potential evapo-
transpiration (PET) and precipitation rates must be supplied. Daily PET can bhe ,
calculated from meteorological data using programs such as FAOPET (Doorenbos
and Pruitt 1977). Precipitation rates can be entered directly.

The program control variables to be decided include length of time to be
simulated, whether hourly or daily data are to be output, maximum and minimum
time-step size, and mass-balance error limit. Some of these choices will
affect the amount of computer time necessary to solve the problem. For
instance, limiting the maximum time step or using very small mass-balance error
limits will increase the computer time. However, such choices will probably
yield a more accurate solution. Because there is such a tradeoff between
benefits and their costs, the parameters should be chosen carefully. Several
trial runs should be made to optimize both solution accuracy and computer
time. (See Section 4.2 for a discussion of time steps.)

6.2 INPUT REQUIREMENTS

Once a problem has been formulated, the data must be collected into a
* INP file with the format expected by the program DATAINH., That format is

specified below. Note that the words "card," "line," and “"record" are
considered interchangeable, although the word “record" is used here

exclusively.

OPTIONS, CONSTANTS, AND LIMITS

Record 1: Format (A80)

Column .
No. Variable Description .
1-80 TITLE Problem description or identifier, This variable is

passed through to the output file.
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Record 2: Format (415)

Column
No. Variable Description
1-5 IPLANT Plant option
(0) No plants
(1) Plants
6-10 LOWER Lower boundary condition option

(1) Unit gradient
(2) Constant head (e.g., a value of zero would
correspond to a static water table)
(4) Specified bottom flux
(5) Impermeable boundary
11-15 NGRAV Orientation of the profile
(0) Horizontal
(1) Vertical
16-20 ISWDIF Option for time step control
(0) Check all nodes to see if the fractional change in
THETA of every node is less than DMAXBA
(1) Reduce the time step if the mass balance for
the whole profile exceeds DMAXBA

Record 3: Format (4I5)

Column
No. Variable Description
1-5 NPRINT Option for level of output
(0) Daily summaries and end-of-simulation summary
(1) DELSUB and daily summaries and end-of-simulation
summary. Limited to 15 days because of
the amount of output
6-10 NDAYS Number of days for which data is provided
11-15 DAYEND Ending day of the simulation. DAYEND cannot exceed
365 days
16-20 NYEARS Number of years for the simulation to be run. A

value of 1 will result in a single-year simulation
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Record 4: Format (315)

Column
No. Variable Description
1-5 NSURPE Option to allow evaporation when there are no plants

(0) No evaporation
(1) Evaporation
6-10 NFHOUR Option to distribute the daily potential evapotranspira-
tion (PET) value over the 24 h of the day

(1) User supplies 24 hourly factors

(2) Hourly factors are generated with a sine wave
function for the hours between 0600 and 1800,
while the remaining hourly factors are set
equal to 0.01

11-15 ITOPBC Option for the surface boundary condition
(0) Flux
(1) Constant head. If this option is chosen,
specify the constant surface head value, HTOP

Record 5: Format (3I5)

Column
No. Variable Description
1-5 KOPT Options for describing the soil hydraulic properties

(1) Polynomial
(2) Haverkamp moisture characteristic and
conductivity function (Haverkamp et al. 1977)
(3) Campbell function (Campbell 1974)
(4) Haverkamp functions with head term in moisture
characteristic function replaced with 1n(head)
6-10 KEST Option for estimating the conductivity at the midpoint
between nodes
(1) Arithmetic mean
(2) Arithmetic mean with a weighting factor, WTF.
If this option is chosen, a value must be
supplied for WTF (Record 8), or else the program
uses 0.5
(3) Geometric mean
11-15 IVAPOR Option to allow vapor flow. If chosen, values
must be supplied for TORT, TSOILC, and VAPDIF
(Record 28)
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Record 6: Format (3F10,0)

Column
. No. Variable Description
1-10 HIRRI Minimum head to which the soil can wet up (units: cm)
. 11-20 HDRY Maximum head to which the soil can dry out
. (units: cm)
21-30 HTOP Constant head value of the surface node when the

ITOPBC = 1 option is chosen (units: cm)

Record 7: Format (3F10.0)

L. Column
No. Variable Description
1-10 DMAXBA Time step control parameter. If ISWDIF = 0, DMAXBA
is the maximum allowable fractional change in the water
content of any node [suggested value is 0.01 (no
units)].
If ISWDIF = 1, DMAXBA is the maximum allowable mass
balance error (units: cm)
11-20 DELMAX Maximum allowable time step, normally 1 h
(units: h)
21-30 DELMIN Minimum allowable time step
(units: h)

Record 8: Format (3F10.0)

Column
No. Variable Description
1-10 WTF Weighting factor (from 0.0 to 1.0) used to weight the

conductivity of the upstream node in the calculation
of midnode conductivities. A value of 0.5 weights
the nodes equally

11-20 RFACT Maximum time step factor. The time step can be
potentially increased by this factor following the
completion of a successful time step

21-30 RAINIF Rainfall initiation factor. At the start of any
water application event, the time step will be
reduced by the RAINIF factor

NODE INFORMATION

- Record 9: Format (2I5)

Column
: No. Variable Description
- 1-5 MATN Number of different soil materials
' 6-10 NPT Number of nodes
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Record 10: Format(4(I4,F10.0))

Column

No. Variable Description

1-5 MAT(1) Soil material identification number for the given node
6-10 (1) Depth of node below the surface

(units: cm)

MAT (4)
Z(4)

Note: Repeat Record 10 until all data have been entered

SOIL PROPERTY DESCRIPTION Note: Records 11-19 are entered only if KOPT =1

Record 11: Format(2I5)

Column
No. Variable Description
1-5 MAXSUB Maximum number of subdivisions of any given soil
property description (limit is 4)
6-10 MAXPOL Maximum degree of soil property polynomials (limit
is 5)

Record 12: Format(A60)

Column
No. Variable Description
1-60 DUMMY Title describing the soil type and indicating that what

follows is moisture characteristic data

Record 13: Format(1X,I5,2F15,0)

Column
No. Variable Description
2-6 NSUBTH Number of subdivisions of the moisture characteristic
for that particular material
7-21 AIRINT Air entry head (units: cm)
22-36 THET Saturated water content (units: cm3/cm3)
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Record 14: Format(1X,215,2F15.0)

Column

No. Variable Description

2-6 I1 Index of the moisture characteristic polynomial

7-11 NDEGTH Number of polynomial coefficients, or polynomial
degree + 1

12-26 XX Minimum head for which the given polynomial applies
(units: cm)

27-41 XDIVTH Maximum head for which the given polynomial applies

(units: cm)

Record 15: Format(5F15.0)

Column
No. Variable Description
1-15 CREGTH Moisture characteristic coefficients

Note: Enter NDEGTH values of CREGTH

Note: Repeat the sequence of Records 14-15 NSUBTH times

Record 16: Format(A60)

Column
No. Variable Description
1-60 DUMMY Title describing the soil type and indicating that

what follows is conductivity data

Record 17: Format(1X,I15,2F15.0)

Column
No. Variable Description
2-6 NSUBKH Number of subdivisions of conductivity curve for that
particular material
7-21 ATRINK Air entry head (units: cm)
22-36 SK Saturated hydraulic conductivity (units: cm/h)

Record 18: Format(1X,215,2F15.0)

Column

No. Variable Description

2-6 11 Index of the conductivity polynomial

7-11 NDEGKH Number of polynomial coefficients, or polynomial
degree + 1

12-26 XX Minimum head for which the given polynomial applies

27-41 XDIVKH Maximum head for which the given polynomial applies
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Record 19: Format(5F15.0)

Column .
No. Variable Description -
1-15 CREGKH Polynomial coefficients for describing conductivity )

Note: Enter NDEGKH values of CREGKH

Note: Repeat the sequence of Records 18-19 NSUBK times

Records 20-23 are entered only if KOPT = 2 or 4 T
Record 20: Format(A60)

Column

No. Variable Description

1-60 DUMMY Title describing the soil type and indicating that

what follows is moisture characteristic data

Record 21: Format(5F15.0)

Column
No. Variable Description
1-15 AIRINT Air entry head (units: cm) 3. 3
16-30 THET Saturated water content (units: ¢ /CQ )
31-45 THTR Residual water content (units: cm”/cm”)
46-60 ALPHA Coefficient of Haverkamp function (Haverkamp et al.
1977)
61-75 BETA Coefficient of Haverkamp function

Record 22: Format(A60)

Column
No. Variable Description
1-60 DUMMY Title describing the soil type and indicating that

what follows is conductivity data

Record 23: Format(4F15.0)

Column
No. Variable Description
1-15 AIRINK Air entry head (units: cm) .
16-30 SK Saturated hydraulic conductivity (units: cm/h)
31-45 A Coefficient of Haverkamp function .
46-60 B Coefficient of Haverkamp function e

Enter Records 24-27 if KOPT = 3
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Record 24: Format(A60)

Column
‘ No. Variable NDescription
1-60 DUMMY Title describing the soil type and indicating that
' what follows is moisture characteristic data
. Record 25: Format(3F15.0)
. Column
No. Variable Description
. 1-15 AIRINT Air entry head (units: cm) 3. 3
16-30 THET Saturated water content (units: cm”/cm”)
31-45 B Coefficient of Campbell function (Campbell 1974)

Record 26: Format(A60)

Column
No. Variable Description
1-60 DUMMY Title describing the soil type and indicating that

what follows is conductivity data

Record 27: Format(3F15.0)

Column

No. Variable Description

1-15 AIRINK Air entry head (units: cm)
16-30 SK Saturated hydraulic conductivity (units: cm/h)
31-45 B Coefficient of Campbell function (Campbell 1974)

Note: Repeat the appropriate soil property descriptions MATN times
Enter Record 28 if IVAPOR = 1

Record 28: Format(3F15.0)

Column

No. Variable Description

1-15 TORT Tortuosity

16-30 TSOILC Temperature of the soil (units: °C) )
31-45 VAPDIF Diffusion coefficient of vapor in air (units: cm“/s)

INITIAL CONDITIONS

Record 29: Format(I5)

- Column
’ No. Variable Description
1-5 NDAY Simulation starting day; ranges from zero to NDAYS
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Record 30: Format(4F14.0)

Column
No. ~Variable Description
1-14 H(1) Initial head (units: cm)

H(4)

Note: Repeat Record 30 until NPT values of H have been entered

PLANT INFORMATION

Enter Record 31 if IPLANT =1

Record 31: Format(615)

Column
No, Variable Description
1-5 LEAF Option for leaf area index (LAI)

(0) LAI values not needed (i.e., NFPET = 2)
(1) User supplies LAl values for the year
(Records 32-33)
(2) User supplies a subroutine (inoperative)
6-10 NFROOT Option for root growth
(1) Exponential relationship
: (2) User supplies a subroutine (inoperative)
11-15 NUPTAK Option for plant water uptake
(1) Sink term approximation proposed by Feddes,
Kowalik, and Zaradny (1978). Requires entry of
HW, HD, and HN values (Record 36)
(2) User supplies a subroutine (inoperative)
16-20 NFPET Option for partitioning PET into transpiration (PT)
and evaporation (PE) components
(1) User supplies daily PET values and program
partitions it into PT and PE based on LAI and
equation by Ritchie and Burnett (1971)
(2) User supplies daily PET values and program
partitions it into PT and PE based on the
cheatgrass data of Hinds (1975)
21-25 NSOW Day of the year on which seeds are planted
26-30 NHRVST Day of the year on which plants cease transpiring

Enter Record 32 if LEAF =1
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Record 32: Format(I5,F5.0)

Column
No. Variable Description
1-5 NPOINT Number of changes in the LAI relationship when
LEAF =1
6-10 BARE Fraction of soil surface that is bare of plants

Record 33: Format(5(15,F5.0))

Column

No. Variable Description

1-5 NGROW(1) Day of the year on which the LAI is changed to the
corresponding FLAI value

6-10 FLAI(1) " Leaf area index on the corresponding NGROW day

41-45 NGROW

(5)
46-50 FLAI(5)

Note: Repeat Record 33 until NPOINT pairs of NGROW, FLAI values have been
entered

Enter Records 34-35 if NFROOT =1

Record 34: Format(3F10.0)

Column

No. Variable Description

1-10 AA Coefficient a in the root growth equation (Equation 3.17)
11-20 B1 Coefficient b in the root growth equation (Equation 3.17)
21-30 B2 Coefficient ¢ in the root growth equation (Equation 3.17)

Record 35: Format(10I5)

Column
No. Variable Description
1-5 NTROOT(1) Growth day on which roots reach the corresponding node

46-50 NTROOT(10)

Note: Repeat Record 35 until NPT values of NTROOT have been entered
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Enter Record 36 if NUPTAK =1

Record 36: Format(3F10,0)

Column »
No. Variable Description
1-10 HW Head corresponding to moisture content below which B
plants wilt and stop transpiring (units: cm)
11-20 HD Head corresponding to moisture content bhelow which
plant transpiration starts to decrease (units: cm)
21-30 HN Head corresponding to moisture content above which e

plants do not transpire because of anaerohic conditions
(units: cm)

Enter Record 37 if NFPET = 2

Record 37: Format(2F10.0)

Column
No. Variable Description
1-10 BIOMAS Plant shoot biomass scaling factor used in adjusting
the transpiration component of PET. The base
value is 220 g/m“. A lower value will result in
lower transpiration and higher evaporation, while
a higher value will result in higaer transpiration
and lower evaporation (units: g/m%)
11-20 BARE Fraction of soil surface that is bare of plants

BOUNDARY CONDITIONS

Enter Record 38 if NFHOUR =1

Record 38: Format(8F7.0)

Column ;
No. Variable Description
1-8 FPET(1) Hourly PET distribution factors. The 24 FPET factors

should sum to 1.0

50-57  FPET(8) p

Note: Repeat Record 38 until 24 FPET values have been added
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Record 39: Format(8F7.0)

Column
No. Variable Description
1-8 PET(1) Potential evapotranspiration (units: cm/day)

50-56  PET(8)

Note: Repeat Record 39 until NDAYS values of PET have been entered

Enter Records 40-41 if LOWER = 3

Record 40: Format(I5)

Column
No. Variable Description
1-5 NTLEAK Number of times the flux lower boundary condition

changes during the simulation period (limit is 50)

Record 41: Format(5(I5,F5.0))

Column
No. Variable Description
1-5 NQLEAK(1) Day on which the bottom boundary flux is

changed to the corresponding QLEAK value
6-10 QLEAK(1) Bottom boundary flux on the corresponding
NQLEAK day (units: cm/day)

41245  NQLEAK(5)
46-50  QLEAK(5)

Note: Repeat Record 41 until NTLEAK pairs of data have been entered

Record 42: Format(I5)

Column
No. Variable Description

1-5 NWATER Total number of days during which there is
water application
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Record 43: Format(315,F6.0)
Column
No. Variable Description
1-5 IRDAY Day on which a water application event occurs
6-10 IRTYPE Option for type of water application
(1) rainfall
(2) irrigation
(3) constant ponding depth less than 1 day
(4) constant ponding depth greater than 1 day
11-15 NP Number of times during the day that the
water application rate changes
16-20 EFICEN Efficiency of the irrigation scheme (i.e., how much
of the water actually gets onto the soil surface)
Record 44: Format(2F7.0)
Column
No. Variable Description
1-7 RTIME(1) Time of day when the water application rate changes
(units: h). The exception is when IRTYPE = 4,
and then the units are days. If IRTYPE = 4 and
RTIME(NP) = 0, ponding is continued for the remainder
simulation (until DAYEND)
8-14 AMOUNT(1) Rainfall/irrigation amount that falls until the

Note:

Note:

6.3

next rate change, RTIME(I+1), or when
IRTYPE = 3 or 4, it is the height of water ponded
on the surface (units: cm)

Repeat Record 44 NP times

Repeat the sequence of Records 43 and 44 NWATER times

CODE OPERATION

code
anoth

and w

The UNSAT-H code is run on a VAX 11/780 computer.(a) The discussion of
operation that follows pertains to that computer. Code operation on
er computer will likely be different.

There are a number of points at which DATAINH, UNSAT-H, and DATAOUT read

rite data. These operations involve particular logical units as specified

(a)

The VAX 11/780 is a product of the Digital Equipment Corporation, Maynard,
Massachusetts. References to a VAX computer should not be regarded as an
endorsement.
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in BVAR,INC and DATAOUT., The current assignments are listed in Table 6.1.
Before running the model, ensure that these logical units have not been

redefined.

The first step in running UNSAT-H is building the executable images for
DATAINH, UNSAT-H, and DATAOUT. The images can be built by compiling the main
programs and their subroutines and functions (listed in Table 5.1) and then
1inking the appropriate object files. The result should be three images,
DATAINH,EXE, UNSATH.EXE, and DATAOUT.EXE., When compiling DATAINH and UNSAT-H,
ensure that the files BARRAY.INC, BSOIL.INC, BTIME.INC, and BVAR.INC are
present in the default directory. These *,INC files contain the variable and
array declaration statements and are included in the codes by using the FORTRAN
“INCLUDE" statement. To redimension UNSAT-H, modify the statements in the
appropriate *,INC file and recompile both programs. DATAOUT and its sub-
routines all use a single *,INC file, called BOUT.INC. If DATAINH and UNSAT-H
are redimensioned, ensure that DATAOUT is also redimensioned (within BOUT,INC).

The next step in running the UNSAT-H code is to process the input data
(located in a *,INP file) by typing the command RUN DATAINH (assuming
DATAINH.EXE is in the default directory). The user will then be queried for
the input filename and the desired level of output (for data-checking

purposes).

The UNSAT-H code is designed to be run in the batch mode, by a command
file that instructs the system on file location and provides answers to program
queries. Figure 6.2 is a listing of a typical command file. (This file was
used to run the example simulation described in Section 7.1.) The default

TABLE 6.1 Logical Unit Assignments

Unit Variable Description

1 LUI Binary input file unit (input to UNSAT-H and DATAOUT)
2 LUB Binary output file unit from DATAINH and UNSAT-H

5 LUR Read (interactive input)

6 LUS Screen (interactive output)

7 LUW ASCII output file from DATAOUT
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directory is established on the first line of the command file. Unless
instructed otherwise, the system assumes that the input file (*.BIN) is located

in the default directory and that the results file (*.RES) is to go there also. >

The next two lines are optional but their use is strongly recommended.
They cause copies of the command and ASCII input files to be inserted into the
*,LOG file for this simulation. These copies serve as a record of the files
used.

The RUN UNSATH command on the fourth line actually starts the code
running. If the code is not in the default directory, the RUN UNSATH command
must be altered to indicate the directory in which the code is located. For
example, the command RUN DISKO:[TRIALJUNSATH indicates that the executable
image of the code is in in the main directory TRIAL, which is located on
DISKO. Having only one copy of the code on the computer at a given time saves

storage space and ensures that all code users are utilizing the same version.

The fifth line of the command file serves as an answer to an UNSAT-H query
for the name of the binary input file (*.BIN, with BIN indicating binary
form). There is no dollar sign at the start of this line because the line is

not a system command but rather a response to a program query.

The sixth line causes a cost summary of the simulation run to be written
to the *.L0G file.

$ SET DEFAULT DISK1:[HCODE.UNSATH]
$ TYPE SAMPLE.COM

$ TYPE SAMPLE.INP

$ RUN UNSATH

SAMPLE

$ COST

FIGURE 6.2. Listing of Sample Command File (SAMPLE.COM) for Running .
UNSAT-H in the Batch Mode .
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To run the code in the bhatch mode, the appropriate command file must be
submitted to the batch queue. Assuming that the command file SAMPLE.COM
(Figure 6.2) is in the current directory, typing the command

SUBMIT/NOPRINTER/LOG=[] SAMPLE

will send the command file to the SYS$BATCH queue to be processed. Batch jobs
normally generate a *,LOG file that contains program output and a summary of
the run characteristics (e.g., total time spent in the queue and computer run
time), all destined for the SYS$PRINT logical unit of the VAX computer. The
*,LOG file is automatically printed once the job has finished. With the
NOPRINTER option, however, the *.,L0G file remains in the user's main directory
with the command file name and a *.LOG extension. With the LOG=[] option, the
*,LOG file goes to the default directory specified in the command file

(Figure 6.2).

The command file set up in Figure 6.2 will generate two files: the binary
output file (SAMPLE.RES) from UNSAT-H, and the program *.L0G file, SAMPLE.LOG,
The *,L0G file is in ASCII format and can easily be read, but the *,RES file is
binary and therefore can only be read after being converted by DATAOUT. To run
DATAQUT, type the command RUN DATAOUT (assuming the file DATAQUT.EXE is located
in the default directory). The user will be asked for the name of the results
file to be processed, followed by questions regarding the form of output
desired.
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7.0 EXAMPLE SIMULATIONS

Three examples are provided here to illustrate how various UNSAT-H options
work. They are a verification test of the infiltration portion of the UNSAT-H
code, a simulation of a layered soil system, and a simulation that includes
plant transpiration.

7.1 VERIFICATION OF INFILTRATION

Haverkamp et al. (1977) performed a number of infiltration simulations
using different models of the nonlinear flow equation. One of those models,
the head-based implicit model (No. 4 in the Haverkamp paper), is the same as
that used in UNSAT-H., To verify the infiltration component of UNSAT-H and at
the same time provide an example of how UNSAT-H works, the Haverkamp et al.
(1977) infiltration problem was simulated with UNSAT-H (see Appendix B for a
distinction between verification and validation). The UNSAT-H results are
compared with the Haverkamp results and with an approximate analytical solution
available in Philip (1969).

7.1.1 Problem Description

The two soil types were a sand and a clay (Yolo light clay) used by
Haverkamp et al. (1977). In UNSAT-H, the sand and clay were described setting
KOPT equal to 2 and 4, respectively, which indicates the type of soil property
descriptions. The various coefficients and input parameters used are listed in
Table 7.1.

The soil profile depths were 90 and 250 cm for the sand and clay,
respectively., Depth increments were 1.0 cm. The bottom boundary was assumed
to be impervious. For the upper boundary, the head of the surface node was
held constant at 20.73 cm for the sand and 1.0 ¢m for the clay. The minimum
and maximum time steps were 40 and 500 s, respectively, like those used by
Haverkamp et al. (1977). The complete input file for the clay simulation is

shown in Figure 7.1,
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TABLE 7.1, Coefficients and Parameters Used in the Infiltration Simulations

UNSAT-H Haverrkamp
Symbols Sand Clay Symbols
THET 0.287 0.495 0
THTR 0.075 0.124 0,
A 1.611 x 10 739 «
B 3,96 4,00 B
AIRINT 1.0 1.0 --
SK 34 4.428 1072 K
ALPHA 1.175 x 10  124.6
BETA 4,74 1.77 B
ATRINK 1.0 1.0

CLAY.INP: SAMPLE simulation run for HCODE document; 250 nodes

0 4 1 0 IPLANT,LOWER ,NGRAV , | SWD I F
0 50 50 1 NPRINT,DAYEND ,NDAYS ,NYEARS
0o 2 1 NSURPE ,NFHOUR, | TOPBC

4 3 0 KOPT,KEST, | VAPOR

0.000E+00 2,000E+04 0.0 HIRRI ,HDRY ,HTOP
1,000E-02 0,139534 1,111E=02 DMAXBA ,DELMAX ,DELMI N
0.5 2.0 1,0E-05 WTF ,RFACT ,RAINIF

1 250 MATN,NPT

1 0,000 1 1,000 1 2,000 1 3,000 MAT,Z
1 4.000 1 5,000 1 6,000 1 7.000 MAT,Z
1 8.000 1 9.000 1 10,000 1 11.000 MAT,Z
1 12,000 1 13,000 1 14,000 1 15,000 MAT,Z
1 16,000 1 17,000 1 18,000 1 19,000 MAT,Z
1 20,000 1 21,000 1 22,000 1 23,000 MAT,Z
1 24,000 1 25,000 1 26,000 1 27,000 MAT,Z
1 28,000 1 29,000 1 30,000 1 31,000 MAT,Z
1 32,000 1 33,000 1 34,000 1 35,000 MAT,Z
1 36,000 1 37,000 1 38,000 1 39,000 MAT,Z
1 40,000 1 41,000 1 42,000 1 43,000 MAT,Z
1 44,000 1 45,000 1 46,000 1 47,000 MAT,Z
1 48,000 1 49,000 1 50,000 1 51,000 MAT,Z
1 52,000 1 53,000 1 54,000 1 55,000 MAT,Z
1 56,000 1 57.000 1 58.000 1 59,000 MAT,Z
1 60,000 1 61,000 1 62,000 1 63,000 MAT,Z
1 64,000 1 65,000 1 66,000 1 67,000 MAT,Z
1 68,000 1 69,000 1 70,000 1 71,000 MAT,Z
1 72,000 1 73,000 1 74,000 1 75,000 MAT,Z
1 76,000 1 77,000 1 78,000 1 79,000 MAT,Z
1 80,000 1 81,000 1 82,000 1 83,000 MAT,Z
1 84,000 1 85,000 1 86,000 1 87,000 MAT,Z
1 88,000 1 89,000 1 90,000 1 91,000 MAT,Z
1 92,000 1 93,000 1 94,000 1 95,000 MAT,Z
1 96,000 1 97,000 1 98,000 1 99,000 MAT,Z

FIGURE 7.1. Listing of Input File CLAY,INP
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100,000 1 101,000 1 102,000
104,000 1§ 105,000 1 106,000
108,000 1 109,000 1 110,000
112,000 1 113,000 1 114,000
116,000 1 117,000 1 118.000
120,000 1 121,000 1 122,000
124,000 1 125,000 1 126,000
128,000 1 129,000 1 130,000
132,000 1 133,000 1 134,000
136,000 1 137,000 1 138,000
140,000 1 141,000 1 142,000
144,000 1 145,000 1 146,000
148,000 1 149,000 1 150.000
152,000 1 153,000 1 154,000
156,000 1 157,000 1 158,000
160,000 1 161,000 1 162.000
164,000 1 165,000 1 166,000
168,000 1 169,000 1 170.000
172,000 1 175,000 1 174,000
176,000 1 177.000 1 178,000
180,000 1 181,000 1 182,000
184,000 1 185,000 1 186.000
188,000 1 189,000 1 190.000
192,000 1 193,000 1 194.000
196,000 1 197,000 1 198,000
200,000 1 201,000 1 202,000
204,000 1 205,000 1 206.000
208,000 1 209,000 1 210,000
212,000 1 213,000 1 214,000
216,000 1 217,000 1 218,000
220,000 1 221,000 1 222,000
224,000 1 225,000 1 226.000
228,000 1 229,000 1 230,000
232,000 1 233,000 1 234,000
236,000 1 237,000 1 238,000
240,000 1 241,000 1 242,000
244,000 1 245,000 1 246,000
248,000 1 249,000
Yolo Light Clay Moisture Characteristic
1,00 0.495 0,124
Yolo Light Clay Hydraulic Conductivity
1,00 4,428E-02 124 .6

600,000 600,000 600,000
600,000 600.000 600,000
600,000 600,000 600.000
600,000 600.000 600.000
600,000 600,000 600,000
600,000 600,000 600.000
600.000 600.000 600,000
600,000 600,000 600,000
600,000 600,000 600,000
600,000 600,000 600,000
600.000 600,000 600,000
600,000 600,000 600,000
600,000 600,000 600,000
600,000 600,000 600,000
600,000 600,000 600,000
600,000 600.000 600,000
600,000 600,000 600,000

FIGURE 7,1,
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103,000 MAT,Z
107.000 MAT,Z
111,000 MAT,Z
115,000 MAT,Z
119,000 MAT,Z
123,000 MAT,Z
127,000 MAT,Z
131,000 MAT,Z
135.000 MAT,Z
139,000 MAT,Z
143,000 MAT,Z
147,000 MAT,Z
151,000 MAT,Z
155,000 MAT,Z
159,000 MAT,Z
163,000 MAT,Z
167,000 MAT,Z
171.000 MAT,Z
175.000 MAT,Z
179.000 MAT,Z
183,000 MAT,Z
187,000 MAT,Z
191.000 MAT,Z
195,000 MAT,Z
199,000 MAT,Z
203,000 MAT,Z
207.000 MAT,Z
211,000 MAT,Z
215,000 MAT,Z
219,000 MAT,Z
223,000 MAT,Z
227,000 MAT,Z
231,000 MAT,Z
235,000 MAT,Z
239,000 MAT,Z
243,000 MAT,Z
247,000 MAT,Z
MAT, Z
739.0 4,0
1.77
NDAY
600,000 Initial Conditions
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
600,000
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600,000 600,000 600,000 600,000

600.000 600,000 600.000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600.000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600.000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600.000
600,000 600,000 600,000 600.000
600,000 600,000 600,000 600,000
600,000 600.000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600.000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600.000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600.000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600.000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600,000 600,000 600,000 600,000
600.000 600.000 600.000 600.000
600,000 600.000
1 NWATER
i 5 2 1,000
0.000 99,000
50,000 0,000

FIGURE 7.1. (contd)

7.1.2 RESULTS

Figure 7.2 illustrates the results obtained by Haverkamp et al. (1977:
Figure 6). Also plotted is Philip's (1969) quasianalytical series solution.
Note that the series solution is only valid for times less than 600 h for the
clay and 0.29 h for the sand. The UNSAT-H results are shown as dotted lines in
Figure 7.2. The UNSAT-H output file is shown in Figure 7.3. For both soils,
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UNSAT=H SIMULATION RESULTS

Input Filename: CLAY,.BIN Date: 27-JUL-86 Time: 17:55:07
INITIAL CONDITIONS
NODE DEPTH HEAD  THETA NODE DEPTH HEAD  THETA

1 0,000 600,0 0,2376 2 1,000 600,0 0.2376

3 2,000 600,0 0,2376 4 3,000 600,0 0,2376

5 4,000 600,0 0,2376 6 5.000 600,0 0,2376

7 6,000 600.,0 0,2376 8 7,000 600.0 0,2376

9 8.000 600,0 0,2376 10 9,000 600,0 0,2376
1" 10,000 600,0 0,2376 12 11,000 600,0 0,2376
13 12,000 600,0 0,2376 14 13,000 600,0 0,2376
15 14,000 600,0 0,2376 16 15,000 600,0 0,2376
17 16,000 600,0 0,2376 18 17.000 600.0 0.,2376
19 18,000 600,0 0,2376 20 19,000 600,0 0,2376
21 20,000 600,0 0,2376 22 21,000 600,0 0,2376
23 22,000 600,0 0,2376 24 23,000 600,0 0,2376
25 24,000 600,0 0,2376 26 25,000 600,0 0,2376
27 26,000 600.0 0,2376 28 27,000 600,0 0,2376
29 28,000 600,0 0,2376 30 29,000 600,0 0.2376
31 30,000 600.,0 0.2376 32 31,000 600,0 0,2376
33 32,000 600,0 0,2376 34 33,000 600,0 0,2376
35 34,000 600.0 0,2376 36 35,000 600,0 0,2376
37 36,000 600,0 0,2376 38 37,000 600.,0 0,2376
39 38.000 600,0 0.2376 40 39,000 600,0 0,2376
41 40,000 600,0 0,2376 42 41,000 600.,0 0,2376
43 42,000 600,0 0,2376 44 43,000 600,0 0,2376
45 44,000 600.0 0.,2376 46 45,000 600,0 0,2376
47 46,000 600,0 0,2376 48 47,000 600.0 0,2376
49 48,000 600,0 0,2376 50 49,000 600,0 0,2376
51 50,000 600,0 0,2376 52 51,000 600.,0 0,2376
53 52,000 600,0 0,2376 54 53,000 600,0 0,2376
55 54,000 600,0 0,2376 56 55,000 600,0 0,2376
57 56,000 600,0 0,2376 58 57,000 600,0 0,2376
59 58,000 600.,0 0,2376 60 59,000 600,0 0,2376
61 60,000 600,0 0,2376 62 61,000 600,0 0,2376
63 62,000 600.,0 0,2376 64 63,000 600,0 0,2376
65 64,000 600,0 0,2376 66 65,000 600,0 0,2376
67 66,000 600,0 0,2376 68 67,000 600.,0 0,2376
69 68,000 600,0 0,2376 70 69,000 600,0 0,2376
I 70,000 600,0 0,2376 72 71,000 600,0 0,2376
73 72,000 600,0 0,2376 74 73,000 600,0 0,2376
75 74,000 600,0 0,2376 76 75,000 600.0 0,2376
77 76,000 600,0 0.2376 78 77.000 600,0 0,2376
79 78,000 600,0 0,2376 80 79,000 600,0 0,2376
81 80,000 600,0 0,2376 82 81,000 600,0 0,2376
83 82,000 600,0 0,2376 84 83,000 600.0 0,2376
85 84,000 600,0 0,2376 86 85,000 600,0 0.2376
87 86,000 600,0 0,2376 88 87,000 600,0 0,2376
89 88,000 600,0 0,2376 90 89,000 600,0 0,2376
91 90,000 600.0 0.2376 92 91,000 600.0 0,2376
93 92,000 600,0 0,2376 94 93,000 600,0 0,2376
95 94,000 600,0 0,2376 96 95,000 600.0 0,2376
97 96,000 600,0 0,2376 98 97,000 600,0 0,2376
99 98,000 600.,0 0,2376 100 99,000 600,0 0,2376
101 100,000 600,0 0,2376 102 101,000 600.,0 0.2376

Figure 7.3. Listing of Output File CLAY.OUT
(used 48 minutes of computer time)
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103
105
107
109
m
113
115
117
119
121
123
125
127
129
131
133
135
137
139
141
143
145
147
149
151
153
155
157
159
161
163
165
167
169
1M
173
175
177
179
181
183
185
187
189
191
193
195
197
199
201
203
205
207
209
21
213
215
217
219
221

102,000
104,000
106,000
108,000
110,000
112,000
114,000
116,000
118,000
120,000
122.000
124,000
126,000
128,000
130,000
132,000
134,000
136,000
138.000
140,000
142,000
144,000
146.000
148,000
150,000
152,000
154,000
156 ,000
158,000
160,000
162,000
164.000
166,000
168,000
170,000
172,000
174,000
176,000
178,000
180.000
182.000
184,000
186,000
188.000
190,000
192.000
194,000
196.000
198,000
200.000
202,000
204,000
206.000
208,000
210,000
212,000
214,000
216,000
218,000
220,000

600.0
600,0
600,0
600,0
600,0
600.0
600,0
600.0
600.0
600.0
600,0
600,0
600,0
600.0
600,0
600,0
600,0
600.0
600,0
600,0
600.0
600.0
600,0
600,0
600,0
600.0
600,0
600.0
600.0
600.0
600,0
600,0
600,0
600,0
600,0
600,0
600.0
600,0
600.0
600.0
600.0
600,0
600,0
600.0
600,0
600.0
600.0
600.0
600,0
600.0
600.0
600.0
600,0
600,0
600,0
600,0
600,0
600,0
600.0
600.0

0.2376
0.2376
0.,2376
0.2376
0.,2376
0.2376
0.2376
0,2376
0.2376
0.2376
0.2376
0.2376
0.2376
0,2376
0,2376
0.2376
0.2376
0,2376
0.2376
0.2376
0.,2376
0.2376
0.2376
0.2376
0.,2376
0.2376
0.,2376
0.,2376
0.2376
0,2376
0.2376
0,2376
0,2376
0,2376
0.2376
0.2376
0.2376
0.2376
0.2376
0.2376
0.2376
0.,2376
0.2376
0.2376
0,2376
0.2376
0.2376
0.2376
0.,2376
0.2376
0,2376
0.2376
0.2376
0.2376
0.2376
0,2376
0,2376
0.2376
0,2376
0.2376

FIGURE 7.3.

104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
192
194
196
198
200
202
204
206
208
210
212
214
216
218
220
222

103,000 600,0
105,000 600.0
107,000 600.,0
109,000 600,0
111,000 600.0
113,000 600.0
115,000 600.0
117,000 600,0
119,000 600,0
121,000 600.0
123,000 600.0
125,000 600.0
127,000 600,0
129,000 600.,0
131,000 600.0
133,000 600.0
135,000 600.0
137,000 600.0
139,000 600.0
141,000 600,0
143,000 600,0
145,000 600.0
147,000 600.0
149,000 600.0
151,000 600,0
153,000 600,0
155,000 600,0
157,000 600,0
159,000 600,0
161,000 600.0
163,000 600,0
165,000 600,0
167,000 600.0
169,000 600.,0
171,000 600,0
173,000 600,0
175.000 600.0
177,000 600,0
179,000 600.0
181,000 600,0
183,000 600,0
185,000 600,0
187,000 600,0
189,000 600,0
191,000 600.,0
193,000 600,0
195,000 600.0
197,000 600,0
199,000 600.0
201.000 600.0
203,000 600.0
205,000 600.0
207,000 600,0
209,000 600,0
211,000 600,0
213,000 600.0
215,000 600.0
217,000 600,0
219,000 600.,0
221,000 600,0
(contd)
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0.2376
0.2376
0.2376
0,2376
0.2376
0.2376
0.2376
0.2376
0.2376
0.2376
0.2376
0.2376
0,2376
0.2376
0.2376
0.2376
0,2376
0.2376
0.2376
0,2376
0,2376
0,2376
0.2376
0.2376
0.2376
0.2376
0.2376
0.2376
0.2376
0,2376
0.2376
0.2376
0.2376
0.2376
0.2376
0,2376
0.2376
0,2376
0.2376
0.2376
0,2376
0.,2376
0.2376
0.2376
0,2376
0.2376
0.2376
0.2376
0.2376
0,2376
0,2376
0,2376
0.2376
0.2376
0.2376
0,2376
0.2376
0.,2376
0,2376
0.2376



223 222,000 600.,0 0,2376 224 223,000 600.,0 0,2376
225 224,000 600.0 0,2376 226 225,000 600.0 0,2376
227 226,000 600,0 0,2376 228 227,000 600,0 0,2376
229 228,000 600.,0 0,.2376 230 229,000 600.0 0,2376
231 230,000 600.0 0.2376 232 231,000 600,0 00,2376
233 232,000 600,0 0,2376 234 233,000 600,0 0,2376
235 234,000 600,0 0,2376 236 235,000 600,0 0,2376
237 236,000 600,0 0,2376 238 237,000 600,0 0,2376
239 238,000 600,0 0,2376 240 239,000 600,0 0,2376
241 240,000 600,0 0,2376 242 241,000 600,0 0,2376
243 242,000 600.0 0,2376 244 243,000 600,0 0,2376
245 244,000 600,0 0,2376 246 245,000 600,0 0,2376
247 246,000 600,0 0,2376 248 247,000 600.0 0,2376
249 248,000 600,0 0,2376 250 249,000 600.0 0,2376
Initial Water Storage = 59.1620 cm
DAILY SUMMARY: Day = 1, Totai Simulated Time = 23,9998 hours
Depth 0,00 24,00 49,00 74,00 99,00 199,00
Moist 0,4950 0,2422 0,2376 0,2376 0.,2376 0.2376
Head 0,000E+00 5.476E+02 6,000E+02 6.000E+02 6,000E+02 6,000E+02
Flux 3,895E+00 6.412E-03 1,601E-03 1.601E-03 1,601E-03 1,601E-03
PRESTOR  INFIL RUNOFF EVAPO  TRANS DRAIN  NEWSTOR STORAGE
59,1620+ 4,1520+ 0,0000 - 0,0000- 0,0000- 0,0000 = 63,3140 Versus 63,1845
Mass Balance (cm) = 00,1295, Time steps = 374
DAILY SUMMARY: Day = 50, Total Simulated Time = 23,9998 hours
Depth 0,00 24,00 49,00 74,00 99,00 199,00
Moist 0.,4950 0.4950 0.4950 0,4950 0.4950 0.,4875
Head 0.000E+00  1,792E-01 4,066E-01 6.,848E~01 1,026E+00  7,229E+00
Flux 1,070E400 1,070E+00 1,070E+00 1,070e+00 1,070E+00  1,033E+00
PRESTOR INFIL RUNOFF EVAPO  TRANS DRAIN  NEWSTOR STORAGE
118,7293+ 1,0701+ 0,0000 - 0,0000- 0,0000- 00,0000 =119,7993 Versus 119,7994
Mass Balance (cm) = 00,0001, Time steps = 172
1
YEAR-END SUMMARY FOR 50 SIMULATION DAYS (Units: cm)
Transpiration Scheme is: = 0
Potential Evapotranspiration =  0,0000
Potential Transpiration = 0,0000
Actuai Transpiration = 0,0000
Potential Evaporation =  0,0000
Actual Evaporation = 0,0000
Evaporation during Growth = 0,0000
Total Runoff = 0,0000
Total Infiltration = 60,7668
Total Drainage at Base of Profile = 0,0000
Tota! Applied Water = 0,0000
Actual Rainfall = 0,0000
Actual Irrigation = 0,0000
Total Final Moisture Storage = 119,7994
Mass Balance Error = 0.1293
Tota! Successful Time Steps (this run) = 8802
Total Attempted Time Steps (this run) = 8872
Total Changes in Surface Boundary = 0
Tota! Time Actually Simulated (days) = 50,0011 »
Total flux (cm) across different depths at the end of 50 days:

Figure 7.3,

(contd)
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DEPTH FLUX DEPTH FLUX DEPTH FLUX
0.000  6,0767E+01 0.500  6.,0509E+01 1,500  6.0251E+01
2,500  5.,9994E+01 3,500  5,9737E+01 4,500  5.9479E+01
5,500  5,9222E+01 6.500  5,8964E+01 7,500  5,8707E+01
8.500  5,8449E+01 9,500  5,8192E+01 10,500  5,7935E+01
11,500  5.7677E+01 12,500  5,7420E+01 13,500  5.7162E+01
14,500  5,6905E+01 15.500  5.,6647E+01 16,500  5.6390E+01
17.500  5.6133E+01 18,500  5,5875E+01 19,500  5,5618E+01

20,500  5.5360E+01 21,500  5,5103E+01 22,500  5.4846E+01

23,500  5,4588E+01 24,500  5,4331E+01 25,500  5,4073E+01

26.500  5,3816E+01 27.500  5.3559E+01 28,500  5.,3301E+01

29.500  5,3044E+01 30,500  5,2786E+01 31,500  5.2529E+01

32,500  5,2272E+01 33,500  5,2014E+01 34,500  5,1757E+01

35,500  5,1499E+01 36,500  5,1242E+01 37.500  5,0985E+01

38,500  5,0727E+01 39,500  5,0470E+01 40,500  5,0212E+01

41,500  4,9955E+01 42,500  4,9698E+01 43,500  4,9440E+01

44,500  4,9183E+01 45,500  4,8925E+01 46,500  4,8668E+01

47,500  4,8411E+01 48,500  4,8153E+01 49,500  4,7896E+01

50,500  4,7638E+01 51,500  4,7381E+01 52,500  4,7124E+01
53,500  4,6866E+01 54,500  4,6609E+01 55,500  4,6351E+01
56,500  4,6094E+01 57,500  4,5837E+01 58,500  4,5579E+01
59,500  4,5322E+01 60,500  4,5064E+01 61,500  4,4807E+01

62,500  4.,4550E+01 63,500  4,4292E+01 64,500  4,4035E+01

65,500  4,3777E+01 66,500  4,3520E+01 67,500  4,3263E401

68,500  4,3005E+01 69,500  4,2748E+01 70,500  4,2490E+01

71.500  4,2233E+01 72,500  4,1976E+01 73.500  4,1718E+01

74,500  4,1461E+01 75.500  4,1203E+01 76,500  4,0946E+01

77,500  4,0689E+01 78,500  4,0431E+01 79.500  4,0174E+01

80,500  3,9916E+01 81.500  3.9659E+01 82,500  3.9402E+01

83,500  3,9144E+01 84,500  3,8887E+01 85.500  3.8629E+01

86,500  3,8372E+01 87.500  3.8115E+01 88.500  3,7857E+01

89,500  3,7600E+01 90,500  3.7342E+01 91.500  3.,7085E+01

92,500  3.6828E+01 93,500  3,6570E+01 94,500  3,6313E+01

95,500  3,6055E+01 96,500  3,5798E+01 97,500  3,5541E401

98.500  3,5283E+01 99,500  3,5026E+01 100,500  3,4768E+01

101,500  3,4511E+01 102,500  3,4254E+01 103,500  3,3996E+01

104,500  3,3739E+01 105,500  3,3481E+01 106,500  3,3224E+0|

107,500  3.2967E+01 108,500  3.2709E+01 109,500  3.2452E+01

110,500  3.2194E+01 111,500  3,1937E+01 112,500  3,1680E+01

113,500  3,1422E+01 114,500  3,1165E+01 115,500  3,0907E+01

116,500  3,0650E+01 117,500  3,0393E+01 118,500  3,0135E+01

119,500  2,9878E+01 120,500  2.9621E+01 121,500  2,9363E+01

122,500  2,9106E+01 123,500  2,8848E+01 124,500  2,8591E+01

125,500  2,8334E+01 126,500  2,8076E+01 127,500  2,7819E401

128,500  2,7561E+01 129,500  2,7304E+01 130,500  2,7047E+01

131,500  2,6789E+01 132,500  2,6532E+01 133,500  2,6275E+01

134,500  2,6017E+01 135,500  2,5760E+01 136,500  2,5503E+01

137,500 2,5245E+01 138,500 2,4988E+01 139,500 2,4731E401

140,500  2,4473E+01 141,500  2,4216E+01 142,500  2,3959E+01

143,500  2,3701E+01 144,500  2,3444E+01 145,500  2,3187E+01

146,500  2.2930E+01 147,500  2,2672E+01 148,500  2.2415E+01

149,500  2,2158E+01 150,500  2,1901E+01 151,500  2,1644E+01

152,500  2,1387E+01 153,500  2,1130E4+01 154,500  2,0873E+01

155,500  2,0615E+01 156,500  2,0358E+01 157,500  2,0102E+01

158,500  1,9845E+01 159,500  1,9588E+01  160.500  1,9331E+01

161,500  1,9074E+01 162,500  1,8817E+01 163,500  1,8560E+01

164,500  1,8304E+01 165,500  1,8047E+01 166,500  1,7791E+01

167,500  1,7534E+01 168,500  1,7278E+01 169,500  1,7021E+01

170,500  1,6765E+01 171,500  1,6509E+01 172,500  1,6253E+01

Figure 7.3. (contd)

7.9



173,500 1,5997E+01 174,500 1,5741E401 175,500 1.5485E+01
176,500 1.,5229E+01 177.500 1.4974E+01 178,500 1.4718E+01
179,500 1.,4463E+01 180,500 1,4208E+01 181,500 1.3952E401
182,500 1,3698E+01 183,500 1.3443E401 184,500 1.,3188E+01
185,500 1.2934E+01 186,500 1.,2680E+01 187,500 1.2426E+01
188,500 1.2172E+01 189,500 1. 1919E+01 190,500 1.1665E+01
191,500 1.1413E+01 192,500 1.1160E+01 193,500 1.,0908E+01
194 .500 1.0656E+01 195.500 1.0404E+01 196,500 1.0153E401
197.500 9,9021E+00 198,500 9,6517E+00 199,500 9.4019E+00
200,500 9.1525E+00 201,500 8.9037E+00 202,500 8,6554E+00
203,500 8,.,4078E+00 204,500 8,.1609E+00 205,500 7.9147E+00
206,500 7.6692E+00 207,500 7.4246E400 208,500 7.1808E+00
209,500 6.9381E+00 210,500 6.6963E+00 211,500 6.4557E+00
212,500 6.2163E+00 213,500 5.9781E+00 214,500 5.7414E4+00
215,500 5.5062E+00 216,500 5.,2726E+00 217,500 5.,0409E+00
218,500 4,8110E+00 219,500 4,5832E+00 220,500 4,3577E4+00
221,500 4,1347E+00 222,500 3,9143E+00 223,500 3,6969E+00
224,500 3.4826E+00 225,500 3,2718E+00 226,500 3.,0647E+00
227,500 2.8616E+00 228,500 2,6629E+00 229,500 2,4690E+00
230,500 2,2802E+00 231,500 2,0969E+00 232,500 1.,9196E+00
233,500 1.,7486E+00 234.500 1.,5844E+00 235,500 1,4272E+00
236,500 1.,2775E+00 237,500 1,1355E+00 238,500 1,0014E+00
239,500 8.7523E-01 240,500 7.5703E-01 241,500 6.4658E-01
242,500 5.,4350E~01 243,500 4,4728E-01 244,500 345718E-01
245,500 - 2,7232E-01 246,500 1.9163E-01 247.500 1.,1392E-01
248,500 3,7875E-02 , 249,000 0.0000E+00

FIGURE 7.3. (contd)

the agreement between the UNSAT-H results, the results of Haverkamp et al., and
Philip's solutions is excellent. This agreement indicates that the infiltra-
tion component of UNSAT-H performs satisfactorily for this type of problem.
Currently, work being planned for the Hanford Site for next several years will
provide opportunities to more fully test all components of the model.

The final actual mass-balance error was 0.0006 c¢cm and not the value of
0.1293 cm reported in Figure 7.3. The discrepancy is caused by UNSAT-H's
failure to account for the change in moisture content of the top node as its
head value goes from 600 to 1 cm after time zero. This problem occurs only
when the constant-head surface-boundary condition is used (i.e., when
ITOPBC = 1), and then only if the initial surface-node head differs from the

constant-head value,

7.2 LAYERED SOIL SIMULATION

The UNSAT-H model will be used to simulate the water balance of various
protective barrier designs. In this example, a particular barrier design was
simulated for the weather conditions of the year 1962,
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7.2.1 Problem Description

The concept supporting protective barrier design is illustrated in
Figure 7.4. The top 30 cm of material is composed of the Composite soil
reported in Fayer et al. (1985) and gravel 0.5-1.0 cm in diameter (15% by
weight). The material between the 30 and 150-cm depths is Composite soil.
Below the 150-cm depth is gravel 0.6-1.3 cm in diameter. The soil hydraulic
properties for all three materials were represented with polynomials by Fayer
et al. (1985). Those same polynomials were used in this simulation and can be
found in Figure 7.5. Vapor flow was included. Initial head values for each

node came from the output from a previous simulation of the year 1961.

A unit hydraulic gradient was chosen as the lower boundary condition.
This was considered a reasonable choice because the Tower boundary was Tlocated
more than 5 m from the surface, well below the zone of possible upward water
movement. For the upper boundary condition, hourly values of precipitation and
daily values of PET were supplied. The precipitation data came from the
Hanford Meteorological Station (HMS). The PET values were calculated using the
Penman Equation given by Doorenbos and Pruitt (1977) and meteorological data
from the HMS. The upper and Tower head limits for the boundary nodes were
100,000 and 1 cm, respectively.
7.2.2 Results

Qutput from this simulation is shown in Figure 7.6. For the given barrier
design and 1962 weather conditions, there was 1.6 c¢cm of drainage through the
barrier. Note that annual actual evaporation was 13.3 cm, which is only 8% of
the annual potential evaporation of 165.2 cm. This result is in accord with
the conceptual model as discussed in Section 3.1, where it was indicated that
the rate of evaporation from dry soil will be much less than the potential
rate. Clearly potential evaporation rates should not be used as indicators of

actual evaporation.

7.3 TRANSPIRATION SIMULATION

As an example of how UNSAT-H might be used to model transpiration, a
simulation of the 200-Area closed-bottom lysimeter was conducted for the year
1974, Gee and Heller (1985) documented that Russian thistle plants were
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growing on the lysimeter during that year., Unfortunately, there was no
quantitative characterization of the plant community, so various assumptions
were made to provide the model with plant parameters. The data that are
available for simulation purposes are soil hydraulic properties and hourly
precipitation and meteorological data.

Precipitation

| f

Evaporation

Composite Soil/Gravel Mix

Composite Soil

Gravel

Drainage

l

FIGURE 7.4, Conceptual Model of Protective Barrier
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N62NP: FY1986 EBS Study ~ Composite soil with gravel mix, 1962 data

0o 1 1 1 IPLANT , LOWER ,NGRAV, 1SWD | F
0 365 365 1 NPRINT,DAYEND ,NDAYS ,NYEARS
1 2 0 NSURPE ,NFHOUR , | TOPBC
13 1 KOPT,KEST, IVAPOR
1.,000E+00 1,000E+05 0.0 HIRR| ,HDRY ,HTOP
1,000E-04 1,000E+00 1.000E-07 DMAXBA, DELMAX ,DELMIN
0.5 2.0 1,000E~05 WTF ,RFACT ,RAININ
3037 MATN, NPT
1 0.000 1 0,100 1 0,200 1 0,500 MAT,Z
1 1,000 1 2,000 1 4,000 1 8,000 MAT,Z
1 16,000 1 24,000 1 28,000 2 32,000 MAT,Z
2 3,000 2 44,000 2 52,000 2 60,000 MAT,Z
2 70,000 2 80,000 2 90,000 2 100,000 MAT,Z
2 110,000 2 120,000 2 130,000 2 138,000 MAT,Z
2 143,000 2 147,000 2 149,000 3 151,000 MAT,Z
3 153,000 3 157,000 3 165,000 3 181,000 MAT,Z
3 220,000 3 280,000 3 340,000 3 440,000 MAT,Z
3 540,000 MAT,Z
4 5 MAXSUB, MAXPOL

Material No, 1, COMPGRAV.TH1: Composite soil with 15 § grave! by weight

4 1,0000000E+00 4,2200000E-01
1 4 1,0000000E+00 1,2650003E+01

4,2199999€E-01 -2,7573731E-02 -2,3653656E~03 ~3,2151621E~02
2 5 1,2650003E+01 2,4420016E+02

NPOLY, X(1), Y(1)

I, NDEGC1)+1, XX1,
0.0000000E~01 COEFFICIENTS

I, NDEG(1)+1, XX1,

-1,3883400E-01 1,5021513E+00 -1,4785267E+00 5.4422855E-01 -7,0263125E~02 COEFFICIENTS

3 5 2,4420016E+02 7.1970044E+03

I, NDEG(I)+1, XX1,

~1.7569752E+00 2,7017555E+00 -1,3545368E+00 2.8460807E-01 -2,1619080E-02 COEFFICIENTS

4 5 7.1970044E+03 8,.6326599E+06

I, NDEG(I)+1, XX1,

-3,4936512E-01 3,1459510E~01 ~8,4237993E-02 9.1790808E~03 -3,5545405E~04 COEFFICIENTS

COMPGRAV ,KH1
2 1,0000000E+00 3,6000000E-01
1 4 1.0000000E+00 4,4980000E+01
-4,4369757e~01 -5,8029747E~01 -2,8344643E~-01 -2,1685658E~01
2 3 4,4980000E+01 8,6326599E+06
2,4089615E+00 ~3,4391944E+00 4,3601289E-02 0,0000000E-01
Material No, 2, COMP0S1,TH1: Composite soil
4 1,0000000E+00 4,2200000E~01
1 3 1,0000000E+00 5,4290004E+00
4,2199999E-01 -7,3107332E~03 -3,5250444E-02 0,0000000E~01
2 3 5,4290004E+00 5,6900012E+02
4,2632636E~01 -1,9087702E~02 ~-2,7235843E~-02 0,0000000E-01
3 4 5,6900012E+02 1,6770025E+04
2.,4613359€E+00 -1,7952768E+00 4,5785773E~-01 -3,9381173E~02
4 4 1.,6770025E+04 8.6326599E+06
3.6377275E~01 ~-1.,0580593E~01 1.0616908E-02 -3,5810552E-04
COMPOS1 ,KH1
3 1,0000000E+00 1,0800020E-01
1 4 1,0000000E+00 1.3260002E+03
-9,6657562E-01 -1,0965506E+00 5,89411856~02 -1,2111266E~01
2 4 1,3260002E+03 7,1970044E+03
-6.3407219E+01 6.0421951E+01 ~2.,0131914E+01 2,0865219E+00
3 4 7.1970044E+03 8.6326599E+06
-9,5900745E+00 1,8411379E+00 -6,0871047E~01 2,4653060E-02
Material No, 3, GRAVEL1,TH1: Gravel 0,6-1,3 cm diameter
4 9,9999998E-03 4,1900000E~01
1 3 9,9999998E-03 7.7430010E-02
2.9529411E-01 -9,5835656E-02 ~1,6991356E-02 0,0000000E-01
2 3 7.,7430010e-02 2,7829993E-01
-2,0774645E~01 -1,0013254E+00 -4,2446923E-01 0,0000000E-01
3 5 2,7829993E-01 1,2920002E+01
5.,8681458E-02 ~1,1252354E-01 2,0134400E-01 -1,7054841E-01
4 5 1,2920002E+01 8,7777891E+06

NPOLY, X(1), Y(1)

I, NDEG(I)+1, XX1,
0,0000000E-01 COEFFICIENTS

I, NDEG(1)+1, XX1,

COEFFICIENTS

NPOLY, X(1), Y(1)

I, NDEGCI)+1, XX1,
COEFFICIENTS

I, NDEG(1)+1, XX1,
COEFFICIENTS

I, NDEGC1)+1, XX1,
COEFFICIENTS

I, NDEG(1)+1, XX1,
COEFFICIENTS

NPOLY, X(1), Y(1)

I, NDEG(1)+1, XX1,
0.0000000E-01 COEFFICIENTS

I, NDEG(1)+1, XX1,
0.0000000E-01 COEFFICIENTS

I, NDEG(1)+1, XX1,
0.,0000000E-01 COEFFICIENTS

NPOLY, X(1), Y(1)

I, NDEG(1)+1, XX1,

COEFFICIENTS

I, NDEG(1)+1, XX1,

COEFFICI ENTS

I, NDEG(1)+1, XX1,
5.,2016903E-02 COEFFICIENTS

I, NDEG(1)+1, XX1,

FIGURE 7.5, Listing of Input File N62NP.INP
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4,5875967E~-02 -2.2514086E-02 6,2657609E-03 -7,9328578E~04
GRAVEL1,KH1
4 9,9999998E-03 1,2600005E+03
1 4 9,9999998E-03 2,7829993E-01
~2,7429957E+00 ~1,0566543E+01 -6,7793403E+00 -1,4784553E+00
2 3 2,7829993E-01 4,6420007E+00
-1.3305095E+00 ~5,0247631E+00 -5,5922753E-01 0,0000000E-01
3 3 4,6420007E+00 1,6680004E+01
1,8869209E-01 -9,5821028E+00 2,8585794E+00 0,0000000E-01
4 4 1,6680004E+01 8,7777891E+06
=3,7477951E+00 =3,1739995E+00 2,7821976E-01 -2,2469539E~02

3.5441328E-05 COEFFICIENTS

NPOLY, X(1), Y(1)

I, NDEG(I)+1, XX1, XX2
0.,0000000E-01 COEFFICIENTS

I, NDEG(1)+1, XX1, XX2

COEFFICIENTS

I, NDEGCI)+1, XX1, XX2

COEFFICIENTS

I, NDEGCI)+1, XX1, XX2
0.0000000E-01 COEFFICIENTS

0.66 15,3 0.24 TORT,TSOIL,VAPDIF
0 NDAY
22933,596 2400,732 451,194 205,857 Initial Conditions
142,566 103.126 77.111 60,696
56 «325 69,985 81,368 87.254
88,236 85.058 79.992 74,682
68,145 61,625 54,897 47,756
40,062 31,748 22,833 15,331
10,510 6,592 4,617 2.817
2,815 2,812 2,806 2,797
2,761 2,737 2,696 2,638
2,595

0.0000 0,0149 0,1101 0,1104 0,0237 0,0368 0,2147 0,1408
0.,1915 0,0964 0,1357 0,0578 0,0157 0,1426 0,1050 0.,0885
0,1158 0,0982 0,1097 0,2216 0.,0713 0,0694 0.0774 0,1050
0.2072 0.2813 0,2281 0,0883 0,0703 0,0777 0.0937 0,0676
0.0875 0,1119 0,1926 0,2615 0,1271 0,0284 0,0583 0,0089
0.1231 0,1001 0,1161 0,0274 0,3457 0.,1219 0.1181 0,1176
0.1168 0,2071 0,3266 0,2582 0,2563 0,3259 0,1955 0,2929
0,2193 0,1765 0,0724 0,1118 0,2551 0,1957 0,1195 0.1159
0,2007 0,2761 0,3615 0,1914 0,2216 0,1846 0,2643 0,3002
0.,3615 0,3849 0,3791 0,4040 0,4152 0,3621 0,5266 0,2655
0.4425 0,6560 0,4471 0,4120 0,2278 0,4747 0,3830 0.4169
0.4170 0,4045 0.4545 0.,4664 0,3911 0,4639 0,5044 0,6427
0.6853 0,3469 0,6483 0,6142 0,5437 0,6405 0,5206 0,8800
0.7259 0,5357 0,6966 0,6924 0,7958 0,9584 0,5604 0,6518
0.6831 0.,8087 0,5017 0,5967 0,5787 0,5999 0,5117 0,5277
0.7238 00,7173 0,4897 0.5890 0.6439 0.2533 0,5358 0.1300
0.,4096 0.6331 0,8403 0,4804 0,7181 0,7279 0,6675 0,8353
0,7888 0,7619 0,3187 0,7143 0,8767 0,6251 0,2532 0,0643
0.3957 0,4917 0.8598 1,0391 0.8635 0,6780 0,7340 0,8315
0.4906 0,5166 0,6893 0,7208 0,7571 0,7391 0.9491 1,0695
0,9866 0.,8248 0,7786 0,5669 0,6501 0,9943 1,1633 1,1370
0.,8122 0,9582 1,0942 1,1848 1,0316 0.,6964 1,0351 1,1713
0,9744 0,9160 0.8831 1.2127 1,1724 0,9278 0,7709 0,9986
0.4196 0.8182 0,7055 0,8515 0,8996 1,0218 1,0568 0,9518
1.3675 1,1932 0,8858 1,0623 1,0033 1,1433 0.8163 0,7959
1,0455 0.9644 1,0085 1.,0274 0,9932 1,2366 0,9919 0.8420
1.1587 0,8938 0,9756 0,9788 1,0386 0,8886 0,4534 0,7529
0.6019 0.6347 0,26835 0,2899 0,6071 0,8467 0,7368 0,8920
0.7038 0.,7292 0.8045 1,0671 0,807 0,8256 0,6993 0,7871
1.2396 0,8158 0,6938 0,6519 1,1046 0,8166 0,7989 0,7260
0.,6089 0,6279 0,6779 0,7519 0,9463 0,6887 0,7373 0,6531
0.,8436 0,8117 0,4965 0,5639 0,3982 0,7173 0,4295 0,3861
0,7089 0,5258 0,4655 0,6501 0,7985 0,5096 0,7010 0.6194
0.5424 0.,4535 0,5146 0,5989 0,5805 0,5624 0,1684 0,4033
0.3929 0,3779 0,4480 0,4206 0.,4443 0,3248 0,3529 0,0326
0.3590 0,4006 0,0764 0,0237 0,1594 0,3569 0,1901 0,2897
0.2281 0,2014 0,1490 0,1647 0,2158 0,3026 0,2456 0,1458
0.1899 0.1318 0,1504 0,1372 0,1367 0.1345 0,0127 0,0422

FIGURE 7.5. (contd)
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0.0850
0.1833
0.0686
0.4766
0.1729
0,0177
0.0061
0,0632

62

3
0.000
2,000

6
14,000
15,000
17
4,000
5,000
37
14,000
16,000
17..000
19.000
38
12,000
17..000
40
13.000
17000
42
21.000
22,000
43
20.000
22,000
44
15,000
18.000
19,000
20,000
46
21.000
24,000
47
0.000
1,000
53
11,000
12,000
59
13.000
15.000
16.000
17..000
18.000
19,000
63
7.000
11.000
64
14,000
15,000
67

0.1020
0.1809
0.0131
0.,2131
0.,0212
0,0118
0,0000
0.2195

1 2
0.203
0.000
1 2
0.076
0,000
1 2
0.051
0.000
1 4
0.127
0.000
0,102
0.000
1 2
0,178
0.000

0.0623
0.1355
0.4085
0,1840
0.0036
0.0162
0.0454
0.1465

1.000

1.000

1,000

1.000

1.000

1 2 1.000

0,940
0.000

1 2 1,000

0,025
0.000
1 2
0,178
0.000
1 4
0.203
0.000
0.025
0,000

1.000

1.000

1 2 1,000

0.279
0,000

1 2 1.000

0.051
0.000
1 2
0.025
0.000
1 6
0.076
0.000
0.025
0,000
0,051
0,000
1 2
0.127
0.000
1 2
0.025
0,000
1 2

1.000

1,000

1.000

1,000

1.000

0.0637
0,0193
0,1860
0.0726
0.0453
0.,0292
0.0777
0,1234

0.1902
0.1011
0,1420
0,0099
0.0409
0.,0000
0.1016
0.1344

NWATER

0.1864 0,1727 0,0458
0.0019 0,0262 0.1038
0.1672 0,1049 0,1267
0.0879 0,0707 0.1102
0,0000 0,0185 0,0000
0.,0096 0,0111 0.0133
0,0794 0,0583 0,0420

FIGURE 7.5. (contd)
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13,000
14,000
68
16,000
17,000
70
17,000
18,000
80
20,000
21,000
84
5.000
6.000
19,000
21.000
94
14,000
16.000
98
6.000
7.000
105
4,000
6,000
117
1,000
6.000
123
6.000
7.000
126
3,000
5,000
19,000
20,000
128
6,000
7.000
8,000
11,000
13,000
15,000
129
5,000
6.000
15,000
17.000
139
7.000
8,000
10,000
11.000
143
3,000
7.000
8,000
10,000
144
3,000
5.000
6.000

0,025
0.000

0,025
0.000

0,025
0,000
1

0,025
0.000
1

0,051
0.000
0,051
0.000

0.229
0,000

0.051
0.000

0.229
0,000

0,356
0,000

0,102
0,000
1

0,051
0.000
0,025
0,000

0,102
0,000
0,127
0,000
0,533
0,000

0,178
0.000
0.406
0.000
1

0,051
0,000
0.025
0.000
1

0,432
0.000
0,102
0.000

0.152
0,000
1.067

1,000

1.000

1,000

1,000

1.000

1.000

1.000

1,000

1,000

1.000

1,000

1,000

1.000

1.000

1.000

FIGURE 7.5.
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13,000
15,000
17,000
154
12,000
13,000
156
4,000
5,000
164
15,000
16,000
21,000
22,000
215
3,000
6,000
8,000
9,000
14,000
17.000
219
0,000
1,000
2,000
3,000
7,000
8,000
224
4,000
7.000
253
2,000
3,000
8,000
11,000
271
3,000
12,000
275
21,000
22,000
23,000
24,000
280
13,000
14,000
16,000
17,000
283
13,000
14.000
284
8,000
13,000
285
10,000
16,000
17,000
19,000
287

0,000
0.076
0,000

0,025
0,000

0.076
0,000

0,025
0,000
0,178
0,000

0,483
0,000
0,025
0,000
0.229
0,000

0,025
0,000
0,025
0.000
0,025
0,000

0,457
0,000

0,025
0,000
0,076
0,000

0,864
0,000

0,025
0,000
0,025
0,000
1

0,025
0.000
0,051
0,000

0,025
0.000

0,660
0,000

0,991
0.000
0,330
0,000
1

4

6

1,000

1,000

1,000

1,000

1,000

1,000

1.000

1,000

1,000

1,000

1.000

1,000

1,000

1,000

FIGURE 7.5,
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4,000
8,000
9.000
10.000
11,000
12,000
312
1,000
2,000
23,000
24,000
313
0,000
2,000
315
3,000
5.000
316
13,000
16.000
319
7,000
9,000
334
6,000
8,000
9,000
12,000
335
22,000
23,000
338
14,000
15,000
344
1.000
2,000
12,000
13,000
345
5.000
6.000
347
2,000
6,000
19,000
21,000
22.000
24,000
348
0.000
6,000
349
0,000
1.000
2,000
3.000
5.000
7,000
8,000
11,000
350

0,229
0,000
0,025
0.000
0,025
0.000

0.127
0,000
0,051
0,000

0.203
0.000

0.051
0.000

0,330
0.000
1

0,127
0.000

0.051
0.000
0,711
0,000

0,025
0.000
1

0.025
0.000

0.025
0.000
0,025
0,000
1

0.025
0.000

0,203
0,000
0,076
0,000
0,127
0.000

0.279
0.000

0.051
0,000
0,025
0,000
0,076
0,000
0,076
0,000
1 6

1.000

1,000

1.000

1,000

1.000

1,000

1.000

1,000

1,000

1,000

1,000

1,000

1,000

1,000
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13,000 0,025

14.000 0.000

17.000 0,076

19,000 0,000
23,000 0,025
24,000 0,000

351 1 4 1,000
9.000 0,152

11,000 0,000

13,000 0,025

14,000 0,000

352 1 2 1,000
13,000 0,051

15,000 0,000

353 1 2 1,000
2,000 0,127

4,000 0,000

FIGURE 7.5. (contd)

7.3.1 Problem Description

The lysimeter, which is 1829 cm (60 ft) deep, was represented with 43
nodes. The depths of those nodes can be found in the input file RHOLYP74,INP,
listed in Figure 7.7.

Laboratory data for the soil water retention curve and saturated
conductivity were taken from Finlayson, Nelson, and Baca (1978). The Campbell
hydraulic property functions were fit to the data and both the laboratory data
and the functions are illustrated in Figure 7.8.

Initial conditions (i.e., initial head values) were obtained from the
results file of a previous simulation of the year 1973, These values are shown

in Figure 7.7.
UNSAT=H SIMULATION RESULTS

Input Filename: N62NP,BIN Date: 27-JUL-86 Time: 13:13:46
INITIAL CONDITIONS
NODE DEPTH HEAD THETA NODE DEPTH HEAD THETA
1 0,000 22933,6 00,0533 2 0,100 2400,7 0,0685
3 0,200 451,2 00,1203 4 0,500 205,9 0,1490
5 1,000 142,6 00,1633 6 2,000 103,11 0,1793
7 4,000 77,1 00,1969 8 8,000 60,7 0,2138
9 16,000 56,3 0,2196 10 24,000 70,0 0,2035
1 28,000 81,4 0,1934 12 32,000 87,3 00,2867
13 36,000 88,2 0,2861 14 44,000 85,1 0,2881
15 52,000 80,0 0,2914 16 60,000 74,7 0,2950

Figure 7.6. Listing of Output File N62NP,OUT
(used 17 minutes of computer time)
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17 70,000 68,1 0,2998 18 80,000 61.6 0,3049

19 90,000 54,9 0,3107 20 100,000 47,8 03175

21 110,000 40,1 0,3258 22 120,000 31,7 0.3362

23 130,000 22,8 0,3501 24 138,000 15,3 0.3654

25 143,000 10,5 0,3784 26 147,000 6.6 0.3924

27 149,000 4,6 0,4016 28 151,000 2.8 0,0354

29 153,000 2.8 0,0354 30 157,000 2,8 0,0354

31 165,000 2,8 0,0354 32 181,000 2,8 0,0355

33 220,000 2.8 0,0356 34 280,000 2,7 0,0356

35 340,000 2,7 00,0357 36 440,000 2.6 0,0359

37 540,000 2,6 0,0360
Initial Water Storage = 58.3590 cm
DAILY SUMMARY: Day = 1, Total Simulated Time = 24,0000 hours
Depth 0,00 24,00 36,00 100,00 138,00 165,00
Moist 0.1526 0.2040 0.2865 0.3175 0.,3654 0,0354
Head 1.,864E+02 6,953E+01 8,752E+01  4,779E+01 1,534E+01 2 .,808E+00
Flux -5,004E-03 1,169E-02 2,724E-03 3,969E-03 4,597E-03 4,879E-03
PRESTOR INFIL RUNOFF EVAPO TRANS DRAIN NEWSTOR STORAGE

58,3590+ 0,0000+ 0,0000 - 0,0000- 0,0000- 00,0074 = 58,3516 Versus 58,3515

Mass Balance (cm) = 0,0001, Time steps = 51

Evaporation:

Potential = 00,0000, Actual = 00,0000

DAILY SUMMARY: pDay = 365, Total Simulated Time = 24,0000 hours

1

Depth 0.00 24,00 36.00 100,00 138.00
Molst 0,0429 0.2255 0,3023 0.,3167 0.3648
Head 1.,000E+05  5,223E+01 6,491E+01  4,860E+01 1,558E+01

Flux -3.,455E=-02 1,949E-02 1.175E-02  3.676E-03  3,505E-03

PRESTOR INFIL RUNOFF EVAPO  TRANS DRAIN

NEWSTOR

165,00
0.,0350
2,982E+00
3.,464E-03

STORAGE

58,7994+ 0.0000+ 0,0000 - 0,0347- 0,0000- 0,0040 = 58,7607 Versus 58,7605

Mass Balance (cm) = 00,0002, Time steps = 27
Evaporation:

YEAR-END SUMMARY FOR 365 SIMULATION DAYS (Units: cm)

Transpiration Scheme is: = 0

Potentlial Evapotranspiration = 165,2290
Potential Transpiration = 0,0000
Actual Transpiration = 0.,0000
Potential Evaporation = 165.2290
Actual Evaporation = 13,2963
Evaporation during Growth = 13,2963
Total Runoff = 0.,0000
Total Infiltration = 15,3820
Total Drainage at Base of Profile = 1,6278
Total Applied Water = 15,3820
Actual Rainfall = 15,3820
Actual Irrigation =  0,0000
Total Final Moisture Storage = 58,7605
Mass Balance Error = 0,0564
Total Successful Time Steps (this run) = 15461
Total Attempted Time Steps (this run) = 18177
Total Changes in Surface Boundary = 7611
Total Time Actuaily Simulated (days) = 365,0000

Figure 7.6.
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RHOLYP74,INP: Closed-bottom lysimeter in 200 Area with plants

14 1 {PLANT ,LOWER ,NGRAV , | SWD | F
. 0 365 365 1 NPR I NT,DAYEND ,NDAYS ,NYEARS
1 2 o0 NSURPE ,NFHOUR,, | TOPBC
303 KOPT,KEST, | VAPOR
. 0,000E+00 1,000E+06 0.0 HIRRI ,HDRY ,HTOP
. 1,000E-04 1,000E+00 1,000E~05 DMAXBA ,DELMAX ,DELMIN
0.5 2.0 1,0E-05 WTF ,RFACT ,RAINIF
. 1 43 MATN, NPT

0,000
0,480

0.100
0,660
1.680 2,480

1 1 1 0,220 1 0.340 MAT,Z
1 1 1 0.840 1 1,180 MAT,Z
1 1 1 3,760 1 4,750 MAT,Z
1 6.250 1 8.500 1 12,000 1 17,000 MAT,Z
1 25,000 1 37,000 1 50,000 1 65,000 MAT,Z
1 80,000 1 100,000 1 130,000 1 170,000 MAT,Z
1 220,000 1 270,000 1 330,000 1 390,000 MAT,Z
1 533,000 1 686,000 1 838,000 1 991,000 MAT,Z
1 1143,000 1 1295,000 1 1448,000 1 1580,000 MAT,Z
1 1649,000 1 1709,000 1 1744,000 1 1779,000 MAT,Z
1 1803,000 1 1819.,000 1 1829,000 MAT,Z
SOIL WATER RETENTION

29.80 4142 1.63 AIRENT,THETAS,B
SOIL HYDRAULIC CONDUCTIVITY
29.80 24,800 1,63 AIRENK ,SATK,B
0.66 15.3 0,24 TORT,TSOIL,YAPDIF
0 NDAY
329,025 327,940 327,156 326,721 Initial Conditions
326,462 326,317 326,228 325,997
325.439 324,400 322,842 321,662
319,901 317,326 313,506 308,565
302,286 297,413 297,955 305,454
320,144 352.646 425,380 533,201
692,252 811,017 841,007 845,091
867,077 908,831 968,274 1010,295
1087,887 1274 ,681 1388,494 1352.624
1312,374 1269,146 1240,555 1209.547
1187,037 171,491 1161,566
1 1 1 1 121 273 LEAF ,NFROOT ,NUPTAK ,NFPET ,NSOW ,NHRVST
4 0,94 NPOINT,BARE
120 0.0 182 1,03 243 1,03 274 0,0 FLAI
4 ,000E+00 3,400E-02 1,000E+00 AA,B1,B2
1 1 1 1 1 1 1 1 1 1 NTROOT
2 2 2 3 4 5 8 1" 16 20 NTROOT
25 31 40 53 74 105 365 365 365 365 NTROOT
365 365 365 365 365 365 365 365 365 365 NTROOT
365 365 365 NTROOT
2,040E+03 1,500E+03 3,000E+01 HW ,HD ,HN

0.0600 0,0822 0,0580 0,0162 0,0703 0,0195 0,0225 0,0206
0.0138 0,0267 0,0202 0,0221 0,0832 0.3136 0,4497 0,3908
0.,1133 0,1462 0,2107 0,1741 0,1487 0,2446 0,1403 0,1193
0.2710 0,2546 0,2585 0.3790 0,7365 0,2021 0,2348 0,3472
0.3018 0,2774 0,3114 0.2150 0,1376 0,1335 0,0994 0,0972
0.0972 0.0166 0,0396 0,1587 0,4410 0,1387 0,2080 0,2023
0,0582 0.3545 0.2057 0,2693 0,3280 0,1898 0,1868 0,2465
0.2458 0,3117 0,2419 0,3302 0,2932 0,3033 0,6257 0,4737
0,2390 0,2029 0,2874 0.,2678 0,2218 0,2870 0,2953 0,3762
0.2205 0,1525 0,2208 0,4557 0,3780 0.,4554 0,3180 0,4491
b 0,4228 0,3545 0,3665 0,3446 0,3090 0,4495 0.7763 0,3347

0,2682 0,4207 0,3997 0,4887 0,5102 0,1972 0,2668 0,5261

0.3766 0,4756 0.,4664 0,7811 0,6106 0,9052 0,5271 0,5034
T 0,7427 0,4833 0,5363 0,7889 0,6362 0,6018 0.6049 0,4225

0,1791 0,3816 0,6236 0,5965 0,4217 0,5771 0,5139 0,6160

FIGURE 7,7. Listing of Input File RHOLYP74,INP

7.21



0.5668
0.6625
0.4192
0.7586
0,9405
0,7811
1.0034
0.6078
0,7606
0.8369
0,9482
1.,0287
0,9787
0,6673
0,6615
0.8486
0.,6760
0.6454
0,6886
0,.4880
0.4460
0,4021
0.3046
0,1993
0.2219
0,0410
0,1965
0.0554
0.1810
0,0646
0.1528
63
2
4,000
10,000
13,000
14,000
7
10,000
11,000
12
1,000
6.000
14
22,000
24,000
15
4,000
6,000
7,000
8.000
18
3.000
8,000
9,000
10,000
24
13,000
14,000
30
22,000
24,000
31

0,5363
0.6842
0.4126
0.8487
0.8016
0.8613
1.3853
1,0213
0.7978
0,9060
0.8858
0.8720
0.9220
0,7108
0.6656
0.8305
0,6734
0.6577
0,6328
0.5109
0,4262
0,3738
0.3260
0,1990
0.2176
0.1543
0,0839
0.1242
0,0727
0.1207
0,1193

0,6692
0.,6707
0.6168
0.9255
0.2931
0,9182
1.,1136
0.8213
0.8265
0,9983
0,9005
1.,0299
0.8292
0.7233
0.6885
0,.,8475
0.5994
0,6676
0.6240
0.4709
0.3688
0.4200
0,2792
0,1555
0,1836
0.1683
0,1120
0.0637
0.0683
0,2058
0,1012

1 4 1,000

0,152
0,000
0.025
0,000

1 2

0.025
0.000
1

0.432
0,000

1 2

0,178
0.000
1

0.076
0,000
0.025
0.000
1

0,610
0,000
0,025
0,000

1 2

0.051
0.000
1

0,127
0.000

1 2

2

4

4

2

1.000

1.000

1,000

1,000

1.000

1.000

1.000

1.000

0.5598
0.8018
0,6896
0.7082
0,5451
0.9515
0,8410
0.8861
0.8841
0.8125
0.9319
1,0492
0.8826
0.8320
0.7192
0,7554
0.6108
0,6573
0.6093
0,4529
0.3736
0.3355
0.2523
0.,0228
0.1444
0.2592
0.0372
0,0703
0.1199
0,1956
0.1334

0.6581
0.6286
0.5698
1.,0032
0,9652
1,0859
1,2001
1.2351
0.7156
0,7223
0.9669
0.8615
0.8467
0.8561
0,7914
0.7299
0.5532
0.6488
0.5232
0.4410
0,3582
0,3584
0,2208
0,0667
0,1646
0.1637
0.,0893
0.0257
0,0689
0,1071
0.0322

0.5602
0.,6767
0,6765
0,7986
0.9884
1,1496
1,0105
0,9186
0.6992
0,6451
0.9588
0.8908
0.8316
0,7289
0.8347
0.7748
0,5972
0.7148
0.5092
0.3820
0.4486
0.3631
0.3261
0,0639
0,1326
0.1678
0.0089
0.0717
0.0150
0.0648

0.8252
0.6430
0.6618
0,7482
0.8043
1.0574
0,9340
0,8875
0.5214
0.8204
0.9416
0,9064
0.8315
0.6300
0,7981
0,6903
0.5858
0.6864
0.5299
0,3946
0,4260
0.3132
0.2105
0,0520
0,0872
0.0748
0.0665
0.0719
0.1759
0.0150

0.8161
0.3936
0,4952
0,7063
0.8288
1,1998
1.,0738
0,9002
0,7808
0.8470
0,9610
0,9415
0.8123
0,6886
0,8829
0.6675
0,5972
0.6558
0.5070
0,4227
0,3932
0.2899
0.0971
0,1715
0,0650
0.0256
0,0135
0,1060
0.1364
0,0270

NWATER (Total 13.46 cm, 5,30 in)

FIGURE 7.7.
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0,000
7,000
44
23,000
24,000
46
20,000
22,000
49
1,000
3,000
13,000
21,000
58
20,000
24,000
60
10.000
12,000
69
21,000
22,000
70
4,000
5,000
16,000
19,000
20.000
21,000
23,000
24,000
n
9,000
11,000
74
7,000
8,000
75
8.000
9.000
86
14,000
15,000
88
7,000
10,000
89
3,000
9,000
10,000
11,000
13.000
14,000
94
14,000
17.000
112
16,000
19,000
21,000
24,000
113

0,559
0,000
1

0.025
0,0G0

1
0,051
0,000

0.076
0.000
0,737
0.000

0,152
0,000

0,076
0,000

1
0,076
0,000
1

0.025
0.000
0,102
0,000
0,025
0.000
0,102
0,000

0.076
0.000
1

0,025
0.000
1

0,051
0,000

0.051
0.000
1

0.127
0.000

0,483
0,000
0.025
0,000
0.076
0,000
1

0,127
0,000

0.076
0.000
0.229
0,000
1 8

2

1.000

1,000

1.000

1,000

1.000

1,000

1.000

1,000

1,000

1,000

1,000

1,000

1.000

1,000

1.000

1.000

FIGURE 7.7.
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1.000
2,000
3,000
4.000
13,000
20,000
22,000
24,000
114
6.000
7.000
115
5,000
7.000
17.000
18,000
117
8,000
9.000
131
2,000
4,000
137
1.000
2,000
138
16.000
18,000
23,000
24,000
139
0.000
1.000
141
23,000
24,000
144
3,000
4,000
5.000
8,000
23,000
24,000
155
12,000
16,000
17,000
19.000
189
16,000
19.000
22,000
23.000
190
5.000
8,000
198
2,000
3.000
200
1,000
3,000
269

0,025
0,000
0,025
0.000
0,305
0.000
0.203
0.000
1

0.025
0.000
1

0,051
0.000
0,076
0.000
1

0,025
0,000

0,051
0,000

0,102
0.000
1

0,152
0,000
0.025
0,000

0.025
0.000

0.025
0.000

0.025
0.000
0,279
0.000
0,025
0,000

0.254
0.000
0,051
0.000

0.203
0.000
0.152
0.000

0.254
0.000

0,051
0,000

1,143
0,000
1

2

1.000

1,000

1.000

1.000

1,000

1,000

1.000

1.000

1.000

1.000

1.000

1,000

1.000

1.000

1,000

FIGURE 7.7.
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13,000
14,000
300
23,000
24,000
301
0,000
1,000
11,000
12,000
15,000
23,000
304
19,000
20,000
309
3,000
6,000
310
6,000
7,000
13,000
23,000
31
1,000
3,000
5,000
6,000
7,000
8,000
321
12,000
16,000
325
8,000
9,000
17,000
18,000
19,000
20,000
327
6,000
11,000
15,000
17,000
18,000
19,000
336
5.000
7,000
337
2,000
7,000
8.000
9,000
10.000
11,000
21,000
24,000
338
0,000
8.000
340

1,000

1,000

1,000

1,000

1,000

1,000

1,000

1,000

1,000

1,000

1,000

1.000

1,000

FIGURE 7.7.
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1,000 0.203

5.000 0.000

6.000 0,025

7,000 0.000
11.000 0,051
12,000 0,000

344 1 2 1,000
16,000 0,025
17.000 0,000

346 1 2 1.000
13,000 0,152
16,000 0.000

348 1 2 1,000
3,000 0,051
4,000 0,000
349 1
2,000 0,025
3,000 0,000
350 1 2 1.000
20,000 0,025

21,000 0,000

353 1 2 1,000
11,000 0,076

13,000 0,000

354 1 2 1,000
11,000 0.076

13,000 0,000

355 1 2 1,000
5,000 0,025

6,000 0,000

359 1 2 1,000
0,000 0,076

1,000 0,000

360 1 6 1,000
15.000 0.203

19,000 0,000
21,000 0,025
22,000 0,000
23,000 0.025
24,000 0,000

2 1,000

FIGURE 7.7. (contd)

The plant data needed for the simulation include leaf area index (LAI),
fraction of the soil surface that is bare, rooting density and depth, and plant
response to water content (the sink function). The leaf area index and the
maximum rooting depth are shown in Figure 7.9. Note that growth was started on
day 121 and stopped on day 274 of the simulation. In addition, the roots were
allowed to penetrate to the 3-m depth by day 244, The bare fraction of soil
surface was 0.94. Rooting density was calculated with Equation (3.17) such
that a = 4.0, b = 0,034, and ¢ = 1.0. Finally, the sink function (Figure 3.3)
was approximated with 6, = 0.031, 64 = 0,0374, and o, = 0.4125.
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7.3.2 Results

A year-end summary of the simulation is provided in Figure 7.10. Note
that even though they covered only 6% of the lysimeter surface, the simulated

plants were able to remove 2.3 cm of water from the lysimeter.

water represented 17% of the precipitation for the year.
16 cm of water, so that the total annual water loss was 18.3 cm.

This transpired

Evaporation removed

In other

words, storage in the lysimeter decreased by 4.9 cm during the year, a

condition that would not support long-term deep drainage or recharge.

UNSAT-H SIMULATION RESULTS

Input Filename: RHOLYP74,BIN Date: 27-JUL-86 Time: 12:53:40
INITIAL CONDITIONS
NODE DEPTH HEAD  THETA NODE DEPTH HEAD  THETA

1 0.000 329.,0 0.,0949 2 0,100 327.9 0,0951

3 0,220 327,2 0,0952 4 0,340 326,7 0,0953

5 0.480 326,5 0,0954 6 0.660 326,35 0,0954

7 0,840 326,2 0,0954 8 1,180 326,0 0,0955

9 1.680 325.,4 0.0956 10 2,480 324.,4 0,0957

1" 3.760 322,86 0,0960 12 4,750 321,7 0,0962

i3 6,250 319.9 0.0966 14 8,500 317.3 0.0970

15 12,000 313,5 0,0978 16 17,000 308,6 0,0987

17 25,000 302,3 0.1000 18 37,000 297.4 0,1010

19 50,000 298,0 0,1009 20 65,000 305.,5 0,0993

21 80,000 320,1 0,0965 22 100,000 352,6 0.0910

23 130,000 425.4 0,0811 24 170,000 533,2 0,0706

25 220,000 692,53 0,0601 26 270,000 811.0 0,0546

27 330,000 841,0 0.0534 28 390,000 845,1 0.0532

29 533,000 867.1 0,0524 30 686,000 908.8 0,0509

31 838,000 968,35 0,0489 32 991,000 1010.,3 0,0477

33 1143,000 1087.9 0,0456 34 1295,000 1274,7 0,0414

35 1448,000 1388,5 0,0392 36 1580,000 1352,6 0,0399

37 1649,000 1312,4 0,0406 38 1709.000 1269.1 0,0415

39 1744,000 1240.6 0.0420 40 1779.000 1209.5 0.0427

41 1803,000 1187,0 0,0432 42 1819,000 1171,5 0.0435

43 1829,000 1161,6 0,0438
Initial Water Storage = 93,8470 cm
DAILY SUMMARY: Day = 1, Total Simulated Time = 24,0000 hours
Depth 0,00 50.00 100.00 533,00 991,00 1803,00
Moist 0.0918 0.0987 0.0919 0,0524 0,0477 0.0432
Head 3.,477E+02 3,087E+02  3.,468E+02 8,671E+02 1,010E+03  1,187E+03
Flux -5,984E-02  1,058E-01 1.,094E-01 1,653E-03  1,036E-03  1,233E-05
Sink 0,000E+00 0,000E+00 0,000E+00 0,000E+00 0,000E+00  0,000E+00
PRESTOR INFIL RUNOFF EVAPO TRANS DRAIN NEWSTOR STORAGE

93,8470+ 0,0000+ 0,0000 - 0,0600- 0,0000-

Mass Balance (cm) = 0,0000, Time steps =
Evaporation: Potential = 0,0600, Actual
Transpiration: Potential = 0,0000, Actual

0,0000 = 93,7870 Versus 93,7871

44
0,0600
0.0000

FIGURE 7,10, Listing of Qutput File RHOLYP74.0UT
(used 25 minutes of computer time)
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DAILY SUMMARY: Day = 365, Total Simulated Time = 24,0000 hours

Depth 0.00 50,00 100.00 533,00 991,00 1803,00
Moist 0,0023 0.,0519 0.0498 0.0566 0,0480 0,0434
Head 1.,464E+05 8,809E+02 9,418E+02 7,.640E+02 9,996E+02 1,177E+03

Flux ~-2,426E-02 2,175E-03> 3,083E-04 3,021E-03> 1,082E-03 1,206E-05
Sink 0.000E+00 0,000E+00 0,000E+00  0,000E+00  0,000E+00  0,000E+HOO

PRESTOR INFiL RUNOFF EVAPO  TRANS DRAIN  NEWSTOR STORAGE
88,8178+ 0,0000+ 0,0000 - 0,0242- 0,0000- 0,0000 = 88,7935 Versus 88,7936
Mass Balance (cm) = 0,0001, Time steps = 38

Evaporation: Potential = 0,0322, Actual = 0,0242

Transpiration: Potential = 0,0000, Actuatl = 0,0000

1

YEAR-END SUMMARY FOR 365 SIMULATION DAYS (Units: cm)

Transpiration Scheme is: 1

Potential Evapotranspiration = 174,9388
Potential Transpiration = 2,7426
Actual Transpiration = 2.3401
Potential Evaporation = 172,1962
Actual Evaporation = 15,9724
Evaporation during Growth = 15,9724
Total Runoff = 0,0000
Total Infiltration = 13,4480
Total Drainage at Base of Profile = 0,0000
Total Applied Water = 13,4480
Actual Rainfall = 13,4480
Actual Irrigation = 0,0000
Total Final Moisture Storage = 88,7936
Mass Balance Error = 0.1889
Total Successful Time Steps (this run) = 18008
Total Attempted Time Steps (this run) = 22778
Total Changes in Surface Boundary = 10142
Total Time Actually Simulated (days) = 365.0000

Total flux (cm) across different depths at the end of 365 days:

DEPTH FLUX DEPTH FLUX DEPTH FLUX
0,000 -2,5244E+00 0.050 -2.5136E+00 0.160 =2,4883E+00
0,280 =2,5018E+00 0,410 =2,5236E+00 0.570 -2,5438E+00
0,750 -2,5641E+00 1,010  =2,5733E+00 1.430 -2,5728E+00
2,080 -2,5452E+00 3,120 =-2,4874E+00 4,255 =2,4252E+00
5.500 -2.3597E+00 7.375  =2.2703E+00 10,250 =2,1492E+00
14,500 -2.0014E+00 21,000 -1,8099E+00 31.000 =1,5243E+00

43,500 -1,1227E+00 57,500 =6,3125E~01 72.500 -8,4562E-02

90,000 5.,4604E-01 115,000 1.3655E+00 150,000 2,1820E+00
195,000 2,7027E+00 245,000 2.6980E+00 300,000 2.,4316E+00
360,000 2,0959E+00 461,500 1.4387E+00 609.500 8,1261E-01
762.000 5.7133E-01 914,500 4,3239€-01 1067.000 3.8467E-01
1219,000 3,4909€E-01 1371,500 1,9108E-01 1514,000 7.8261E=02
1614,500 4,6444E-02 1679,000 3,2492E-02  1726,500 2.,2872E-02
1761.500 1,5388E-02 1791,000 9.0664E-03 1811,000 4,3345E-03
1824,000 1,2087E-03  1829,000 0,0000E+00

FIGURE 7.10. (contd)
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8.0 CODE LISTINGS

This section contains a listing of the programs, subroutines, and func-
tions that comprise the UNSAT-H model, as well as a glossary of terms. The
UNSAT-H code is written in VAX FORTRAN Version 4.0, which is based on American
National Standard FORTRAN-77 (ANSI X3.9-1978). Extensions to FORTRAN-77 are
available in VAX FORTRAN, although limited use is made of them. The extensions
include the system subroutines DATE and TIME and the FORTRAN statements INCLUDE
and PRINT/DELETE as well as certain format specifiers and variable names longer
than six characters. Calls to the system subroutines DATE and TIME return the
date and time, respectively. The "INCLUDE" statement, when embedded within a
program, will "include" a designated external file within the program when it
is compiled. The "PRINT/DELETE" statement is used within subroutine HARDCOPY
to send the output file to the printer and then delete it. Finally, the format
specifiers "$", "<", and ">" are used to facilitate program input and output.

8.1 LISTINGS

The first codes to be listed are the *,INC files: BARRAY,INC, BOUT.INC,
BSOIL.INC, BTIME.INC, and BVAR.INC. These *.INC files contain the variable
type declarations, array dimensions, data statements, and common blocks that
are shared by different programs and subroutines.

After the *.INC files, each program, subroutine, and function is listed
separately. The listing starts with DATAINH followed by each of its sub-
routines, then UNSAT-H followed by each of its subroutines, and finally DATAOUT
followed by each of its subroutines. Although some subroutines or functions
may be used by more than one main program, they are only listed once,

C**  File BARRAY,INC: Arrays
C**  Program Units: DATAINH,UNSATH
COMMON /ARRAY/Z(M1) ,H(M1) ,NTROOT(M1) ,HH(M1) ,RDF(M1),
THETA(M1) ,ZK(M1) ,C(M1),ZZK(M1) ,CC(M1),
FPET(24) ,THETAW(5) ,THETAD(5) ,THETAN(5),
PTRANS(365) ,PEVAPO(365) , WQLEAK (365)
Ch» File BOUT.INC: Vvariables, Arrays, and Common Blocks

C**  Program Units: DATAOUT,HARDCOPY,L!STDATA,READREC,REINIT,SCAN,
C* SUMMARY
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Ch*
ch®

Ch#
Ch#

Ch#

cHs

QOOOO

cll

CHARACTER*80 |F(LE,OF ILE,RFILE,STIME*S,SDATE*9

INTEGER DAYEND,DAYSTP,TSTP,DAYAST,TAST,DAYUBC,TUSC

PARAMETER (M1=250)

DIMENSION DAYQ(M1) ,DAYSNK(M1) ,H(M1) ,THETA(M1),Z(M1),TQ(M1),NODE(6)

COMMON /INTEG/ DAYEND,DAYSTP,TSTP,LUI,LUR,LUS,LUW,NPT, IPLANT,
NPRINT,NSURPE ,NTOTAL ,MAXREC, IREC, | ERROR,NCHR, I DAY,
DAYAST,TAST,DAYUBC, TUBC

COMMON /REAL/ HOUR,DAY INF ,DAYRAN,DAYE ,DAYTRA,DAYRUN, TPREV,TMOIST,
PE,PT,DAYT IM

COMMON /ARRAY/ DAYQ,DAYSNK ,H,THETA,Z,TQ,NODE

COMMON /CHAR/ IFILE,OFILE,RFILE,STIME,SDATE

DATA LUI,LUR,LUS,LUW/1,5,6,7/

File BSOIL,INC: Soil parameters

Program Units: DATAINH,POLYCH,POLYKH,POLYTH,UNSATH

COMMON /tHY/MAT(M1),1HY(320)

DIMENSION NSUBTH(5),AIRINT(5),THET(5),
NDEGTH(20) ,XDIVTH(20) ,CREGTH(100),
NSUBKH(5) ,AIRINK(5),5K(5),
NDEGKH(20) ,XD IVKH(20) ,CREGKH(100),
AMOUNT(24) ,SLOPTH(5) ,SLOPKH(5)

EQUIVALENCE (IHY(1),NSUBTH), (IHY(6) ,AIRINT), (IHY(11),THET),
(1HY(16) ,NDEGTH) , (1HY(36) ,XDIVTH) , (IHY(56) ,CREGTH) ,
(IHY(156) ,NSUBKH) ,( IHY(161) ,AIRINK), (IHY(166),5K),
(THY(171) ,NDEGKH) , ( IHY(191) ,XDIVKH), (I1HY(211) ,CREGKH) ,
(IHY(311),SLOPTH) , (IHY(316) ,SLOPKH)

File BTIME,INC: Time parameters

Program Units: DELCHK,UNSATH

COMMON /TIME/DELT,DIFMAX,DELSAV,DIFFMA, I SWDIF ,DELSUB,TSUB,
TEND,NRATES, TDONE, 1DAY,N,SUBEND, 1 GO150 ,RFACT,
TSTART ,RTIME(24)

File BVAR,INC: Real, Integer, and Logical Unit parameters

Program Units: DATAINH,DELCHK,POLYCH,POLYKH,POLYTH,UNSATH

REAL LOGE

INTEGER DAYEND

COMMON /RPARA/DMAXBA ,DELMAX,DELMIN,HIRRI ,HDRY ,TMO|ST,LOGE,
SATURK ,DRYK ,SATURC,DRYC,AA,B1,B2

COMMON / |PARA/ IPLANT,LOWER,NDAYS ,NDAY ,KOPT, { VAPOR,MATN,NPT,
NGRAV , MAXSUB,MAXPOL ,NSURPE , | NC,MXROOT ,NWATER,
NPRINT

Logical unit assignments

LUt = binary input file unit (input to UNSATH)
LUB = binary output file unit from DATAINH;
binary output file unit from UNSATH
LUR = read (interactive input unit)
LUS = screen (interactive and additional output unit)

PARAMETER (LU

i
—
-

LuB = 2,
LUR = 5,
LUS = 6)

Maximum dimension for nodal arrays
PARAMETER (M1 = 250)
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0001 PROGRAM DATAINH

0002 C

0003 c Version 1,0:

0004 C

0005 c Calls MYHRLY, POLYCH, POLYKH, POLYTH, and RHO

0006 C

0007 C Reads the data file *,INP, checks the data and performs
0008 c some calculations, then writes the necessary information to
0009 C the binary output file *,BIN, which serves as the input
0010 c file to UNSAT-H

0011 C

0012 CHARACTER*80 FILE,OF)LE,T!TLE,DUMMY*60,STIME*8 ,SDATE*9
0013 LOGICAL LUSLUW

0014 REAL MOLAR,MGR

0015 INCLUDE 'BVAR,INC/NOLIST!?

0037 INCLUDE 'BARRAY ,INC/NOLIST!

0044 INCLUDE 'BSOIL,INC/NOLIST!

0058 DIMENSION ZZ(M1),RDFF(M1) ,RTIME(24) ,NQLEAK(50),QLEAK(50),
0059 NGROW(30) ,FLAI (30) ,DLAI (365) ,PET(365)

0060 FUNED(TD) = EXP(54,878919~(6790,4985/TD)~5,02808*L0G(TD))
0061 LOGE = LOG10(EXP(1,0))

0062 LUSLUW = ,FALSE,

0063 NSTOP =0

0064 CALL TIME(STIME)

0065 CALL DATE(SDATE)

0066 WRITE(LUS,1010)

0067 READ(LUR,1000) FILE

0068 NCHR = INDEX(FILE,' ')

0069 FILE(NCHR:NCHR+3) = ', INP?

0070 OPEN(UNIT=LU1 ,FILE=F|LE ,STATUS='0OLD"')

0071 WRITE(LUS,1020)

0072 READ(LUR,*) IPRINT

0073 IF (IPRINT ,GT, 0) THEN

0074 WRITE(LUS,1030)

0075 READ(LUR,*) |0OUT

0076 IF (10UT .EQ. O) THEN

0077 LUW = LUS

0078 ELSE

0079 LUW = 7

0080 LUSLUW = ,TRUE.

0081 OFILE = FILE

0082 OF ILE(NCHR:NCHR+3) = ! ,LIS!

0083 WRITE(LUS,1040) OFILE

0084 OPEN(UN! T=LUW,F{LE=OFILE,STATUS='NEW!)

0085 ENDIF

0086 WRITE(LUW,1050) FILE,SDATE,STIME

0087 ENDIF

0088 1010 FORMAT(/' Enter input filename (without ", INP" extension)!,
0089 ' o===> 1.§)

0090 1020 FORMAT(/' Output options in addition to creating < >,BIN:',/,
0091 ' (0) no output!,/,

0092 ! (1) options, nodes, soil properties,',/,
0093 ' and initial conditions!',/,

0094 ' (2) = (1) plus PET and rain information',/,
0095 ' (3) = (2) plus leaf and bottom!,/,

0096 ' boundary flux information',//,

0097 ' Enter choice ===> 1,§)

0098 1030 FORMAT(/!' Options for output device:!,/,

0099 ' (0) screent',/,

0100 ' (1) filet,/,

0101 ' Choose output device option ===> 1,§)

0102 1040 FORMAT(/' The input summary filename is ',A<NCHR+3>/)

0103 1050 FORMAT(/' Input Filename: ',A<NCHR+3>,T35,'Date: ',A9,T60,
0104 'Time: ',A8,/)

0105
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0106 C

0107 c OPTIONS, CONSTANTS, AND LIMITS

0108 G

0109

0110 C**  Read TITLE

o1

0112 READ(LUI,1000) TITLE

0113 IF (IPRINT ,GT, 0) WRITE(LUW,2000) TITLE

0114

0115  C** Read IPLANT,LOWER,NGRAV,!|SWDIF

0116

0117 READ(LUI,1001) IPLANT,LOWER,NGRAV,ISWDIF

0118 IF (IPRINT ,GT. 0) WRITE(LUW,2010) IPLANT,LOWER,NGRAV,ISWIF
0119 2010 FORMAT(' Options chosen Include:'//' IPLANT = ',12,T22,

0120 TLOWER = ',12,T42,'NGRAV = ',12,T62,"ISWDIF = 1,12)
0121

0122 CH* Read NPRINT,DAYEND,NDAYS,NYEARS

0123

0124 READ(LUI,1001) NPRINT,DAYEND,NDAYS,NYEARS

0125 IF (NPRINT ,EQ. 1 ,AND, DAYEND ,GT, 15) THEN

0126 WRITE(LUS,2015) DAYEND

0127 IF (LUSLUW) WRITE(LUW,2015) DAYEND

0128 DAYEND = 15

0129 ENDIF

0130 IF (IPRINT ,GT. 0) WRITE(LUW,2020) NPRINT,DAYEND,NDAYS,NYEARS
0131 2015 FORMAT(/' WARNING: The choice of hourly output (NPRINT = 1)!/,
0132 ' and DAYEND = ',i3,!' will result in too!,/,
0133 ' large a *,RES file when UNSAT~H Is run,',/,
0134 ' Therefore, DAYEND Is reset fto 15,!,/)

0135 2020 FORMAT(/! NPRINT = !',i3,T22,'DAYEND = ',13,T42,'NDAYS = 1,13,
0136 T62,'NYEARS = ',13)

0137 IF (NDAYS ,GT, 365) STOP ' Program stopped because NDAYS > 365!
0138

0139 C**  Read NSURPE,NFHOUR, ITOPBC

0140

0141 READ(LU1,1002) NSURPE,NFHOUR, | TOPBC

0142 IF (IPRINT ,GT, 0) WRITE(LUW,2030) NSURPE,NFHOUR, | TOPBC

0143 2030 FORMAT(/' NSURPE = ',13,T22,'NFHOUR = ',13,T42,'ITOPBC = ',13)
0144
0145 C** Read KOPT,KEST, |VAPOR

0146

0147 READ(LUI,1001) KOPT,KEST,1VAPOR

0148 IF (IPRINT ,GT, 0)

0149 WRITE(LUW,2040) KOPT,KEST, { VAPOR

0150 2040 FORMAT(/' KOPT = 1',i3,T22,'KEST = ',13,T42,"iVAPOR = !,13)
0151

0152 C** Read HIRRI,HDRY,HTOP

0153

0154 READ(LUI,1003) HIRRI ,HDRY ,HTOP

0155 IF CIPRINT ,GT. O) WRITE(LUW,2050) HIRRI ,HDRY ,HTOP

0156 2050 FORMAT(/!' HIRRI = ',G610,3,T22,'HDRY = !,G10,3,T42,'HTOP =1,
0157 G10.3)

0158

0159 C**  Read DMAXBA,DELMAX,DELMIN

0160

0161 READ (LUI,1003) DMAXBA,DELMAX,DELMiN

0162 IF (IPRINT ,GT., 0) WRITE(LUW,2060) DMAXBA,DELMAX,DELMIN
0163 2060 FORMAT(/!' DMAXBA = ',1PG10,3,T22,'DELMAX = !',G10,3,T42,
0164 'DELMIN = ',G10,3)

0165

0166 C**  Read WTF,RFACT,RAINIF

0167

0168 READ(LU1,1003) WTF,RFACT,RAINIF

0169 IF (IPRINT ,GT, O) WRITE(LUW,2070) WTF,RFACT,RAINIF
0170 2070 FORMAT(/' WTF = ',1PG10,3,T22,'RFACT = ',G10,3,T42,
0171 'RAINIF = 7,610,3)

0172 UP = WTF
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0173
0174
0175
0176
0177
0178
0179
0180
0181
0182
0183
0184
0185
0186
0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
0212
0213
0214
0215
0216
0217
0218
0219
0220
0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
0239

DOWN = 1,0-UP

C
c NODE INFORMATION: Define geometric details of the problem
C
C**  Read MATN,NPT
READ(LUI,1001) MATN,NPT
IF (IPRINT ,GT, 0) WRITE(LUW,3000) MATN,NPT
3000 FORMAT(/' MATN = ',12,T22,'NPT = 1,13)
IF (NPT .GT, M1) STOP ' NPT exceeds node dimensions!
CH* Read MAT,Z: Material type and depth below the surface
READ(LU1,3010) (MAT(1), Z(i1),Ii=1,NPT)
3010 FORMAT(4(i4,F10,0))
DO 300 I=1,NPT~1
ZZC1) = Z(i+1)=-Z(1)
300 CONTINUE
ZZ(NPT) = 0,0
C
c SOIL PROPERTY DESCRIPTION
C
MAXSUB = 1
MAXPOL = 4
iNC = MAXSUB*MAXPOL
IF (KOPT (NE, 1) GO TO 400
C**  KOPT = 1: Polynomial functions
READ(LU!,1001) MAXSUB,MAXPOL
IF (IPRINT ,GT, 0) WRITE(LUW,4000) MAXSUB,MAXPOL
IF (MATN*MAXSUB*MAXPOL ,GT, 100)
STOP ! Dimension of regression coefficients exceeded!
INC = MAXSUB*MAXPOL
DO 410 1=1 ,MATN
READ(LUI,1000) DUMMY
READ (LU} ,4010)NSUBTH(1) ,AIRINT(I),THET(I)
IF (IPRINT ,GT, 0) WRITE(LUW,4020) |,DUMMY NSUBTH(I),AIRINT(1),
THET(1)
DO 420 J=1,NSUBTH(I)
ID = (1=1)*MAXSUB+J
IP = (1=1)*INC+(J-1)*MAXPOL
READ(LU{,4030) | | ,NDEGTH(ID) ,XX,XD IVTH(ID)
IF (J 6T, 1) THEN
1F (XDIVTH(ID) (LT, XDIVTH(ID=1)) THEN
WRITE(LUS,4040)1,J,XDIVTH(ID) ,XDIVTH(iD=1)
IF (LUSLUW) WRITE(LUW,4040){,J,XDIVTH(ID),XDIVTH(ID=1)
NSTOP = 1
ENDIF
ENDIF
READ(LU{,4050) (CREGTH(iP+L),L=1,NDEGTH(ID))
IF (IPRINT ,GT, O) WRITE(LUW,4060) ID,NDEGTH(ID),XDIVTH(ID),
(CREGTH( IP+L) ,L=1,NDEGTH(ID))
420  CONTiINUE
4000 FORMAT(/80('=1)/,
' KOPT = 1: Polynomial functions for soil hydraulic!
' properties'//,
' MAXSUB = ',i1,', MAXPOL = ',11/)
4010 FORMAT(1X,15,2F15,0)
4020 FORMAT(/!' THETA vs H, MAT ',I1,': ', A60,//,
' NSUBTH = ',i1,', AIRINT = ',F9,4,', THET = ',F6.4,//
' ID NDEGTH XDIVTH CREGTH'/,
| . l)
4050 FORMAT(5F15,0)
4030 FORMAT(1X,215,2F15,0)
4060 FORMAT(OP,T2,12,T8,12,T14,1P,E12,4,(T28,E13,6))
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0240
0241
0242
0243
0244
0245
0246
0247
0248
0249
0250
0251
0252
0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
0268
0269
0270
0271
0272
0273
0274
0275
0276
0277
0278
0279
0280
0281
0282
0283
0284
0285
0286
0287
0288
0289
0290
0291
0292
0293
0294
0295
0296
0297
0298
0299
0300
0301
0302
0303
0304
0305
0306

4040

430
410
4080

4070

400

Cl*

460
4100

4110

4120

FORMAT(' ERROR: Material No, ',I11,', J = ',3,', XDIVTH(J) = ',
E15,7,' < XDIVTH(J=1) = ',E15,7)
READ(LUI ,1000) DUMMY
READ(LUI,4010) NSUBKH( 1) ,AIRINK(1),SK(I)
IF CIPRINT ,GT, 0}
WRITE(LUW,4070) 1,DUMMY ,NSUBKH(1),AIRINK(1),SK(I)
DO 430 J=1,NSUBKH(()
1D = (I~1)*MAXSUB+J
IP = (1=1)*INC+(J=1)*MAXPOL
READ(LUi ,4030) 11 ,NDEGKH(1D) ,XX,XDIVKH(ID)
IF (J .GT, 1) THEN
IF (XDIVKH(iD) ,LT, XDIVKH(ID~1)) THEN
WRITE(LUS,4080)1,J,XDIVKH(1D} ,XDIVKH{ID=1)
IF (LUSLUW) WRITE(LUW,4080)1,J,XDIVKH(ID) ,XDIVKH(ID=1)
NSTOP = 1
END!F
ENDIF
READ(LU1,4050) (CREGKH( IP+L) ,L=1,NDEGKH( iD))
IF (IPRINT .GT. 0) WRITE(LUW,4060) 1D,NDEGKH(ID),XDIVKH(ID),
(CREGKH( |P+L),L=1,NDEGKH( ID))
CONT [ NUE
CONTINUE
FORMAT(' ERROR: Material No, ',I1,', J = 1,13,', XDIVKH(J) = ',
E15,7,!' < XDIVKH(J=1) = ', E15,7)

FORMAT(/? K vs H, MAT ',I1,': ',A60,//,
" NSUBKH = ',i1,', AIRINK = ',F9.4,', SK = ',1P,E12.4,//
' ID NDEGKH XD | YKH CREGKH'/,
| —— l)

GO TO 440

IF (KOPT .NE, 2 .AND. KOPT .NE, 4) GO TO 450
KOPT = 2,4: Haverkamp functions

IF (IPRINT .GT, 0) WRITE(LUW,4100)
DO 460 1=1,MATN
NSUBTH(1) = 1
NSUBKH(I1) = 1
READ(LUI, 1000) DUMMY
READ(LU1,4050) AIRINT(1),THET(I),THTR,A,B
IF (IPRINT ,GT, 0)
WRITE(LUW,4110) |,DUMMY,AIRINT(}),A,THET(1),B,THTR
ID = (1=1)*MAXSUB+1
IP = (I-1)*INC
NDEGTH(ID) = 3
XDIVTH(ID) = 2*AIRINT(I)
CREGTH(1P+1) = THTR
CREGTH( IP+2) A
CREGTH( IP+3) B
CREGTH( {P+4) 0,
READ(LUI,1000) DUMMY
READ(LUI,4050) AIRINK(1),SK(1),ALPHA,BETA
IF (IPRINT ,GT, 0)
WRITE(LUW,4120) | ,DUMMY,AIRINK(1),ALPHA,SK(I),BETA
NDEGKH(1D) =
XDIVKH(ID) = 2, *AIRINK( 1)

0onou

N

CREGKH{ I1P+1) = ALPHA
CREGKH( IP+2) = BETA
CREGKH( IP+3) = 0,0

CONT INUE

FORMAT(/80('=1)/,
' KOPT = 2: Haverkamp functions for soil hydrautlic?,
' properties!')

FORMAT(/' THETA vs H, MAT ',I1,', ',A60,//
!

AIRINT = '1,612,5,T50,! A = ',612.5,/,
' THET = ',612,5,T50,! B =1,612,5,/,
! THTR = ',G12,5,/)
'

FORMAT ( K vs H, MAT ',I1,', ',A60,//
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0307
0308
0309
0310
0311
0312
0313
0314
0315
0316
0317
0318
0319
0320
0321
0322
0323
0324
0325
0326
0327
0328
0329
0330
0331
0332
0333
0334
0335
0336
0337
0338
0339
0340
0341
0342
0343
0344
0345
0346
0347
0348
0349
0350
0351
0352
0353
0354
0355
0356
0357
0358
0359
0360
0361
0362
0363
0364
0365
0366
0367
0368
0369
0370
0371
0372
0373

450

[0kt

480
4200

4210

4220

470

4230

440

490

4320

! AIRINT
! SK

GO TO 440

IF (KOPT ,NE, 3) GO TO 470

',612,5,T50,'ALPHA
',612,5,750,' BETA

1,612,5,/,
',612,5)

wou

o

KOPT = 3: Campbell functions

IF (IPRINT ,GT, 0) WRITE(LUW,4200)
DO 480 1=1,MATN
NSUBTH(I) = 1
NSUBKH(I) = 1
READ(LUI,1000) DUMMY
READ(LUI,4050) AIRINT(1),THET(1),B
If (IPRINT .GT. 0) WRITE(LUW,4210) | ,DUMMY,AIRINT(I),B,THET(I)
ID = (1=1)*MAXSUB+1
IP = (I=1)*INC
NDEGTH(ID) = 1
XDIYTH(ID) = 2*AIRINT(I)
CREGTH(IP+1) = B
CREGTH(1P+2) = 0.0
READ(LUI,1000) DuMMY
READ(LUI,4050) AIRINK(1),SK(1),B
If (IPRINT .GT, 0) WRITE(LUW,4220) |,DUMMY ,AIRINK(1),B,SK(})
NDEGKH(ID) = 1
XDIVKH(ID) = 2,*AIRINK{])
CREGKH( IP+1)
CREGKH( | P+2)
CONTINUE
FORMAT(/80('~1)/,
' KOPT = 3: Campbell functions for soll hydraulict,
! properties!)
FORMAT(/' THETA vs H, MAT !',11,!', ',A60,//

Hou

8
0.0

' AIRINT = 1,612,5,T50,' B = ',612,5,/,
' THET = ',612.5)

FORMAT( K vs H, MAT ',11,', ',A60,//
' AIRINK = ',612,5,T50,' B = ',612,5,/,
' SK = 1,612,5)

GO TO 440

WRITE(LUS,4230) KOPT
IF (LUSLUW) WRITE(LUW,4230) KOPT
FORMAT(' ERROR: Current KOPT options are 1, 2, 3, and 4,',/,
' The input value was ',12)
CONTINUE
MAT1 = MAT(1)
DO 490 1=1,MATN
MAT(1) = |
H(1) = AIRINT(1)
CALL POLYTH(1,THETA,H)
SLOPTH(I) = (THETA(1)=THET(1))/AIRINT(I)
IF (ABS(SLOPTH( 1)) oLTs 1,0E=6"THET(I)) SLOPTH(I) = 0,0
IF (SLOPTH(I1) L,GT, 0,0) THEN
WRITE(LUS,4320) |,THETA(1),THET())
NSTOP = 1
ENDIF
H(1) = AIRINK(1)
CALL POLYKH(1,ZK,H)
SLOPKH( 1) = (ZK(1)=SK(1))/AIRINK(I)
IF (ABS(SLOPKH(1)) LT, 1,0E-6*SK(1)) SLOPKH(1) = 0,0
IF (SLOPKH(Il) ,GT, 0,0) THEN
WRITE(LUS,4330) 1,ZK(1),SK(1)
NSTOP = 1
ENDIF
CONTINUE
MAT(1) = MATI
FORMAT(/' ERROR: For Material No, ',I11,', the air-entry water!',/
! content (',F6.4,') is greater than the ',/
' saturated water content (',F6,4,')!)
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0374 4330 FORMAT(/' ERROR: For Material No, ',(1,!, the air-entry ',/
1

0375 conductivity (',1P,E11.,4,") Is greater than ',/
0376 ! the saturated conductivity (',E11,4,')")
0377

0378 C*¥*  Calculate moisture content, conductivity, and capacity at the
0379 C**  ypper and lower head limits

0380

0381 H(1) = HIRRI

0382 H(2) = HDRY

0383 MAT2 = MAT(2)

0384 MAT(2) = MAT(1)

0385 CALL POLYTH(2,THETA,H)

0386 CALL POLYKH(2,ZK,H)

0387 CALL POLYCH(2,C,H)

0388 THMAX = THETA(1)

0389 THDRY = THETA(2)

0390 SATURK = ZK(1)

0391 DRYK = ZK(2)

0392 SATURC = C(1)

0393 DRYC = C(2)

0394 IF (IPRINT ,GT, O) THEN

0395 WRITE(LUW,4300) HIRRI ,THMAX,SATURK,SATURC

0396 WRITE(LUW,4310) HDRY,THDRY,DRYK,DRYC

0397 ENDIF

0398 4300 FORMAT(/! Surface node hydraulic properties!//,

0399 ' HIRRI = ',612,2,', THETA = ',F6.,4,', K = ',1P,E12,4,
0400 ', C="1,E12,4)

0401 4310 FORMAT(' HDRY = ',612.,2,', THETA = ',F6.,4,', K = ',1P,E12.4,
0402 ', C=1,E12,4)

0403 MAT(2) = MAT2

0404

0405 Ch* IVAPOR = | indicates that vapor flow will be operative,

0406 C*¥*  TSOIL is the average soil temperature for the period of interest
0407 Cx* For Hanford, the average annual soil temperature at the 90 cm

0408 C**  depth is 15,3 C for the years 1952-1980,

0409 C**  TORT is pore tortuosity, which is usually reported as 0,66
0410 C**  VAPDIF is the diffusivity of water vapor in air,

0411 C*¥*  approximately 0,24 cm cm/s

0412

0413 MOLAR = 18,0

0414 GRAY = 980.7

0415 GASCON = 8,3143E+07

0416 MGR = MOLAR*GRAY/GASCON

0417 WATDEN = 1,0

0418 IF (IVAPOR LEQ. 1) THEN

0419 READ(LUI,1003) TORT,TSOILC,VAPDIF

0420 TSOIL = TSOILC+273,16

0421 YAPDEN = FUNED(TSOIL)*MOLAR*1000,0/ (GASCON*TSOIL)

0422 VAPCOE = 3600,0*MGR*VAPDEN*VAPD | F¥TORT/(TSO!| L*WATDEN)
0423 IF (IPRINT .GT, 1)

0424 WRITE(LUW,4340) TORT,TSOIL,VAPDEN,VAPDIF,MGR,VAPCOE
0425 ENDIF

0426 4340 FORMAT(/' IVAPOR = 1: This option allows vapor flow!,//,
0427 ' Soil tortuosity = ' ,F6,4,/,
0428 ' Soil temperature = 1,f6,2,/,1P,
0429 ' Soil vapor density (g/cm3) = ',E10,3,/,
0430 ' Vapor diffusivity in air (cm2/s) = ',E10,3,/,
0431 ! MOLAR*GRAV/GASCON = 1,E10.3,/,
0432 ' VAPCOE (consolidated coef,, cm/s) = !',E10,3)
0433 If CIPRINT .GT. 0) WRITE(LUW,1004)

0434 C

0435 o INITIAL CONDITIONS

0436 C

0437

0438 C** Input initial head conditions (cm)
0439 C*¥*  Qutput node, material, depth, and initial condition status
0440
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0441 READ(LUI,5000) NDAY,(H(1),I1=1,NPT)

0442 CALL POLYTH(NPT,THETA,H)

0443 CALL POLYCH(NPT,C,H)

0444 CALL POLYKH{(NPT,ZK,H)

0445 IF (IPRINT ,GT, 0) THEN

0446 WRITE(LUW,5010) NDAY

0447 WRITE(LUW,5020) (1,ZC1) ,MAT(1),HCI),ZK(1),C(1),THETACI),i=1,NPT)
0448 ENDIF

0449 5010 FORMAT(! NDAY = ',13,//,T2,'NODE!,T11,'Z',T16,

0450 YMAT! ,T24,'HEAD' , T34 ,"CONDUCTIVITY! ,T52,'CAPACITY!,T66,'THETA!,/,
0451 T2,leeem? , T9, 1o 1,T16, 1mm=t [ T23, temmmnn ',T34,

0452 e et T 1,750, ' =em—m e = 1,765, wmm——— ')

0453 5020 FORMAT(T2,13,T7,F7,2,T17,11,T20,F9,2,T733,1P,E12,4,T50,E12,4,T65,
0454 OP,F6,.4)

0455 TMOIST = 0,5*(THETA(1)*ZZ(1)+THETA(NPT)*ZZ(NPT=1))

0456 DO 500 1=2,NPT-1

0457 TMOIST = TMOIST+THETACI) *(ZZ(1)4ZZ(1=1))*0,5

0458 500 CONTINUE

0459 IF (IPRINT ,GT, 0) THEN

0460 WRITE(LUW,5030) TMOIST

0461 WRITE(LUW,1004)

0462 ENDIF

0463 IF (IPLANT .EQ. 0) GO TO 690

0464 C- -
0465 c PLANT DATA (IPLANT = 1)

0466 C-

0467

0468 C**  Read LEAF,NFROOT,NUPTAK,NFPET,NSOW,NHRVST

0469

0470 READ(LU!,1001) LEAF,NFROOT,NUPTAK ,NFPET,NSOW,NHRVST

0471 IF (IPRINT ,GT, 1) WRITE(LUW,6000) LEAF,NFROOT,NUPTAK,NFPET,
0472 NSOW,NHRVST

0473 6000 FORMAT(' [PLANT = 1'//' LEAF=',13,', NFROOT=',13,!, NUPTAK=',
0474 13,", NFPET=',13,', NSOwW=',13,', NHRVST="',13)

0475

0476 C*¥  LEAF = 1 Leaf area index NGROW,FLAI

0477 C** = 2 User-supplied subroutine for leaf area index
0478

0479 IF (LEAF ,EQ. 1) THEN

0480 READ(LUI ,6010) NPOINT,BARE, (NGROW( ) ,FLAI(1),I1=1,NPOINT)
0481 IF (NPOINT ,GT, 30) THEN

0482 STOP ' NPOINT > 30, DIM OF NGROW, FLAI EXCEEDED'

0483 ENDIF

0484 IF (IPRINT ,GT, 2) THEN

0485 WRITE(LUW,6020) NPOINT, (NGROW(1),FLAI(1),1=1,NPOINT)
0486 WRITE(LUW,6032) BARE

0487 WRITE(LUW,6025)

0488 ENDIF

0489 J =1

0490 DO 600 I=1,NDAYS

0491 IF (1 LT, NGROW(1)) THEN

0492 DLAICI) = 0,0

0493 ELSE IF (1 ,GT. NGROW(NPOINT)) THEN

0494 DLAI(1)=0,0

0495 ELSE IF(l .GE, NGROW(1) ,AND.

0496 I oLE. NGROW(NPO(NT)) THEN

0497 IF (I .GE, NGROW(J) .AND., J .LT. NPOINT) J = J+1
0498 JJ = J=1

0499 DIFF = (FLAI(J)=FLAI(JJ))/(NGROW(J)=NGROW(JJ))
0500 DLAI(1) = FLAI(JJ)+DIFF* (1-NGROW(JJ))

0501 ENDIF

0502. 600 CONTINUE

0503 IF(IPRINT.GT,2) WRITE(LUW,6030) (I ,DLAIC(1) ,I=1,NDAYS)
0504 ELSE IF (LEAF .EQ. 2) THEN

0505 WRITE(LUS,*) ' Subroutine MYLAl was not provided!

0506 NSTOP = 1

0507 ELSE IF (LEAF .GT. 2) THEN
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0508
0509
0510
0511
0512
0513
0514
0515
0516
0517
0518
0519
0520
0521
0522
0523
0524
0525
0526
0527
0528
0529
0530
0531
0532
0533
0534
0535
0536
0537
0538
0539
0540
0541
0542
0543
0544
0545
0546
0547
0548
0549
0550
0552
0553
0554
0555
0556
0557
0558
0559
0560
0561
0562
0563
0564
0565
0566
0567
0568
0569
0570
0571
0572
0573
0574
0575

Cx*

630

6070

cr*

650

660

640

6100

Cx*
620
610

CH#*

WRITE(LUS,6040) LEAF
IF (LUSLUW) WRITE(LUW,6040) LEAF
NSTOP = 1
ENDIF
IF (NFROOT NE, 1 ,AND, NFROOT ,NE, 2) THEN
WRITE(LUS,6050) NFROOT
IF (LUSLUW) WRITE(LUW,6050) NFROOT

NSTOP = 1
GO TO 610
ENDIF

}F (NFROOT LEQ. 2) GO TO 620
NFROOT = 1: Read AA,B1,B2,NTROOT

READ (LUI,1003) AA,B1,B2

IF (IPRINT ,GT., 1) WRITE(LUW,6060) AA,B1,B82

READ (LUI,1001) (NTROOT(I),i=1,NPT)

NGDAYS = NHRVST~NSOW+1

IF (NSOW .GT, NHRVST) NGDAYS = 365-NSOW+1+NHRVST

I =1

IF (NTROOT(I) .LT, NGDAYS ,AND, | ,LE, NPT) THEN
I = [+1
GO TO 630

ENDIF

MDEPTH = -1

MXROOT = MDEPTH

IF (IPRINT .LT. 2) GO TO 640

WRITE(LUW,6070)

FORMAT(/!' Root depth, density, and weight/node versus depth'/)

WRITE(LUW,6080)

Estimate root density factor (RDF) at each node of root depth

ROOTS = 0.
270 =0,
RDFF(1) = 0O,
DO 650 |=2,MDEPTH

ROFF(1) = AA*EXP(-B1%*Z(1))+82

ROOTS = ROOTS+RDFF(1)*(ZZ(1)+ZZ0)*0,5
220 = Z2Z(1)
CONTINUE

IF (MDEPTH ,GT, 1) ROOTS = ROOTS-RDFF{(MDEPTH)*ZZ0*0,5
DO 660 I=1,MDEPTH
CONT{NUE
WRITE(LUW,6090) (NTROOT(!),Z{1),RDFF(1),RDF(1),1=1,MDEPTH)
IF (IPRINT ,GT, 0O) THEN
WRITE(LUW,6100) MXROOT
WRITE(LUW,1004)
ENDIF
FORMAT(/' MXROOT (deepest node to which roots penetrate) = t',12)
GO TO 610

NFROOT = 2 User-defined root density

WRITE(LUS,*) ' Subroutine "MYROOT" was not provided!
WRITE(LUW,*) ' Subroutine "MYROOT" was not provided!
IF (NUPTAK LEQ, 1) THEN

Read HW,HD,HN if NUPTAK = 1

iF (1PRINT ,GT, 1) WRIiTE(LUW,6110)
MATSAV = MAT(1)
DO 670 1=1,MATN

MAT(1) = |

READ (LUI,1003) HW,HD,HN

CALL POLYTH(1,THETAW({) ,HW)

CALL POLYTH(1,THETAD(1) ,HD)
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0576 CALL POLYTH(1,THETANCI) ,HN)

0577 IF (IPRINT ,GT, 1) WRITE(LUW,6120)1 ,THETAW(!) ,THETAD( ),
0578 THETANCI)

0579 670 CONT I NUE

0580 MAT(1) = MATSAY

0581 ELSE IF (NUPTAK .EQ, 2) THEN

0582

0583 C**  |f NUPTAK = 2, call user-defined MYSINK

0584

0585 WRITE(LUS,*) ' User subroutine "MYSINK" was not provided!
0586 IF (LUSLUW)

0587 WRITE(LUW,*) ' User subroutine "MYSINK" was not provided!
0588 NSTOP = 1

0589 ELSE

0590 WRITE(LUS,6130) NUPTAK

0591 IF (LUSLUW) WRITE(LUW,6130) NUPTAK

0592 NSTOP = 1

0593 ENDIF

0594 IF (IPRINT .GT, 1) WRITE(LUW,1004)

0595 IF (NFPET .EQ. 2) READ (LUI,1003) BIOMAS,BARE
0596 C

0597 C BOUNDARY CONDIT{ONS

0598 C-

0599 690 IF (IPLANT ,EQ. O) THEN

0600

0601 Cx* If IPLANT = 0, no plants

0602

0603 IF CIPRINT ,GT, 1) THEN

0604 IF (NSURPE .EQ. 0) WRITE(LUW,7000) NSURPE
0605 IF (NSURPE .EQ. 1) WRITE(LUW,7010) NSURPE
0606 ENDIF ’

0607 IF (NSURPE .EQ. 0) THEN

0608 IF CIPRINT ,GT, 0) WRITE(LUW,1004)

0609 GO TO 700

0610 ENDIF

0611 ENDIF

0612 7000 FORMAT(' NSURPE = ',I1,': There will be no surface!,
0613 ' evaporation')

0614 7010 FORMAT(' NSURPE = ',|1,': There will be surface!,
0615 ' evaporation'/)

0616

0617 CH* Input FPET (NFHOUR = 1) or calcutate FPET (NFHOUR = 2)
0618 .

0619 [F (NFHOUR .EQ, 1) THEN
0620 READ(LUI,1006) (FPET(1),i=1,24)
0621 IF C(IPRINT ,GT, 1) WRITE(LUW,7120)
0622 ELSE IF (NFHOUR .EQ, 2) THEN

0623 CALL MYHRLY (FPET)

0624 IF (IPRINT ,GT, 1) WRITE(LUW,7130)
0625 ELSE

0626 WRITE(LUW,7140) NFHOUR

0627 STOP

0628 ENDIF

0629 SUM = 0,0

0630 DO 710 I=1,24

0631 SUM = SUM+FPET(I)

0632 710  CONTINUE

0633 IF (SUM LT, 0,999 .OR, SUM ,GT, 1,001) THEN
0634 WRITE(LUW,7150) SUM

0635 WRITE(LUW,7160) (FPET(1),1=1,24)
0636 STOP

0637 ELSE

0638 DO 720 1=1,24

0639 FPET(1) = FPET(1)/SUM

0640 720 CONTINUE

0641 IF (IPRINT ,GT, 1) THEN

0642 WRITE(LUW,7160) (FPET(1),1=1,24)

8.11



0643
0644
0645
0646
0647
0648
0649
0650
0651
0652
0653
0654
0655
0656
0657
0658
0659
0660
0661
0662
0663
0664
0665
0666
0667
0668
0669
0670
0671
0672
0673
0674
0675
0676
0677
0678
0679
0680
0681
0682
0683
0684
0685
0686
0687
0688
0689
0690
0691
0692
0693
0694
0695
0696
0697
0698
0699
0700
0701
0702
0703
0704
0705
0706
0707
0708
0709

7150

C**

725

7170
7180
7190

Cx*

730

C**
Cx*
C**
Cx*

WRITE(LUW, 1004)
ENDIF
ENDIF
FORMAT(' ERROR: Sum of diurnal PET distribution factors is !
,F6,4,', |t should be 1,0')
IF (IPLANT .EQ, 0) THEN

If IPLANT = 0, then no plants: read in PEVAPO

READ(LUI,1006) (PEVAPO(1),1=1,NDAYS)
IF (IPRINT .GT. 1) THEN
WRITE(LUW,7170)
WRITE(LUW,7180) (1,PEVAPO(1),1=1,NDAYS)
ENDIF
IF (IPRINT .GT. 0) THEN
DO 725 1=1,NDAYS
TOTPEV = TOTPEV+PEVAPO(!)
CONT I NUE
WRITE(LUW,7190) TOTPEV
WRITE(LUW, 1004)
ENDIF
GO TO 700
ENDIF
FORMAT(5(! DAY PEVAPO  1)/5(' =m= «mmwes ")
FORMAT(5(14,F8,4,3X))
FORMAT(/' Totals: PEVAPO = ',F8,4)
IF (NFPET .EQ. 1) THEN

If NFPET = 1, Ritchie method of partitioning PET

READ (LUI,1006) (PET(1),1=1,NDAYS)
IF (IPRINT ,GT, 1) THEN
WRITE(LUW,7200)
WRITE(LUW,7210)

ENDIF

DO 730 i=1, NDAYS
ALAI = DLAI(D)
PETT = PET(I)

PTRANS(1) = PETT*(~,21+0,70*SQRT(ALAI))
IF (ALAl ,LT, 0.1) PTRANS(I) = 0,0

IF (ALAl 6T, 2.7) PTRANS(1) = PETT
PTRANS(1) = (1,0-BARE)*PTRANS(!)
PEVAPO(1) = PETT=-PTRANS(I)

TOTPET = TOTPETHPETT

TOTPTR = TOTPTR+PTRANS(1)

TOTPEV = TOTPEV+PEVAPO(|)
CONTINUE

IF (IPRINT ,GT, 0) THEN
IF (IPRINT ,GT. 1) WRITE(LUW,7220) (IDAY,PET(IDAY),
PTRANS(1DAY) ,PEVAPO(IDAY) , | DAY=1,NDAYS)
WRITE(LUW,7230) TOTPET,TOTPTR,TOTPEV
WRITE(LUW,1004)
ENDIF
ELSE IF (NFPET ,EQ. 2) THEN

NFPET = 2 Daily PET and Hinds transpiration function to define
PT and PE from PET (relation found by Ted Hinds),
In addition, the user can scale the data according
to biomass (BIOMAS). The base biomass is 220 g/m*¥*2

IF {NSOW ,GT., 90 .AND, NSOW .LT, 274) THEN
IF (NSOW ,LT, 152) THEN

NSOW = 90
ELSE

NSOW = 274
ENDIF

WRITE(LUS,7235) NSOW
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'

0710
0711

0712
0713
0714
0715
0716
0717
0718
0719
0720
0721

0722
0723
0724
0725
0726
0727
0728
0729
0730
0731
0732
0733
0734
0735
0736
0737
0738
0739
0740
0741

0742
0743
0744
0745
0746
0747
0748
0749
0750
0751
0752
0753
0754
0755
0756
0757
0758
0759
0760
0761

0762
0763
0764
0765
0766
0767
0768
0769
0770
077

0772
0773
0774
0775
0776

740

700

C**

IF (LUSLUW) WRITE(LUS,7235) NSOW
ENDIF
IF (NHRVST .LT. 151 ,OR, NHRVST .GT. 243) THEN
NHRVST = 151
WRITE(LUS,7236) NHRVST
IF (LUSLUW) WRITE(LUS,7236) NHRVST
ENDIF
IF (BIOMAS .EQ, 0) BIOMAS = 220.
IF (IPRINT .GT, 1) THEN
WRITE(LUW,7240) BIOMAS,BARE
WRITE(LUW,7210)
ENDIF
READ (LU1,1006) (PET(1),i=1,NDAYS)
IF (NSOW .LE, 90) THEN
NGDAYS = NHRVST-NSOW+1
PREDAY = 90-NSOW

ELSE
NGDAYS = 365-NSOW+1+NHRVST
PREDAY = 365-NSOW+90+1
ENDIF

CRATIO = 0,300
DO 740 IDAY=1,NDAYS
IF (NSOW ,LE, IDAY) THEN
NGROWD = IDAY=NSOW+1
ELSE
NGROWD
ENDIF
IF (NGROWD .GT. O .AND, NGROWD ,LE. NGDAYS) THEN
IF (IDAY ,LT, 90) THEN
RATIO = CRATIO*NGROWD/PREDAY
ELSE IF (IDAY .GE., 90 .AND, IDAY ,LE, 151) THEN
RATIO = CRATIO
ELSE IF (iDAY .GT., 151 .AND, IDAY ,LE. NHRVST) THEN
RATIO = CRATIO* (NHRVST=|1DAY+1)/(NHRVST=151+1)
ELSE IF (IDAY ,GT, 273) THEN
RATIO = CRATIO*NGROWD/PREDAY
ENDIF
RATIO = MIN(1,0,RATI0%*BIOMAS/220,0)
PTRANS (I DAY) (1,~BARE) *RATIO¥*PET( I DAY)
PEVAPO(IDAY) = PET(IDAY)=PTRANS({DAY)

365+ IDAY=NSOW+1

fnou

ELSE
PEVAPO(IDAY) = PET(1DAY)
ENDIF
TOTPET = TOTPET+PET(1DAY)
TOTPTR = TOTPTR+PTRANS (IDAY)
TOTPEV = TOTPEV+PEVAPO( {DAY)
CONTINUE

IF (IPRINT .GT. 0) THEN
IF (IPRINT ,GT, 1) WRITE(LUW,7220) (iDAY,PET(IDAY),

PTRANS( IDAY) ,PEVAPO( IDAY) , IDAY=1,NDAYS)

WRITE(LUW,7230) TOTPET,TOTPTR,TOTPEV
WRITE(LUW,1004)
ENDIF

ELSE

WRITE(LUS,7250) NFPET
IF (LUSLUW) WRITE(LUW,7250) NFPET
STOP

ENDIF
IF (LOWER ,EQ, 3) THEN

LOWER = 3: Flux at lower boundary, NTLEAK,NQLEAK,QLEAK

READ (LU1,7300) NTLEAK,{NQLEAK(I),QLEAK(1),1=1,NTLEAK)

{F (NTLEAK ,GT, 50) STOP ! NQLEAK,QLEAK dimensions exceed 50!

IF (IPRINT .GT. 2) THEN
WRITE(LUW,7310) NTLEAK
WRITE(LUW,7320) (NQLEAK(1),QLEAK(1),I=1,NTLEAK)
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0777
0778
0779
0780
0781
0782
0783
0784
0785
0786
0787
0788
0789
0790
0791
0792
0793
0794
0795
0796
0797
0798
0799
0800
0801
0802
0803
0804
0805
0806
0807
0808
0809
0810
0811
0812
0813
0814
0815
0816
0817
0818
0819
0820
0821
0822
0823
0824
0825
0826
0827
0828
0829
0830
0831
0832
0833
0834
0835
0836
0837
0838
0839
0840
0841
0842
08453

750

C**

7400

C*I

CI*

780

ENDIF
JJ = 1
DO 750 1=1,NDAYS
IF (1 ,GT. NQLEAK(JJ)) JJ = JJ+1
J = JJ-1
WQLEAK( 1) = QLEAK(J)+(QLEAK(JJ)=QLEAK(J) ) *(I~-NQLEAK(J))/
(NQLEAK (JJ)=NQLEAK(J))
CONTINUE
IF (IPRINT .GT, 2) THEN
WRITE(LUW,7330)
WRITE(LUW,7320) (1,WQLEAK(I),1=1,NDAYS)
WRITE(LUW,1004)
ENDIF
ELSE IF (LOWER LT, 1 .OR, LOWER ,GT, 4) THEN
WRITE(LUS,7340) LOWER
IF (LUSLUW) WRITE(LUW,7340) LOWER
NSTOP = 1
ENDIF

Read NWATER

READ (LU{,1001) NWATER
IF (IPRINT ,GT, O ,AND, NWATER LEQ. 0)
WRITE(LUW,*) ' NWATER = 0 means there is no rain/irrigation!

IF (NSTOP NE. 0) THEN

WRITE(LUS,7400)

IF (LUSLUW) WRITE(LUW,7400)

STOP
ENDIF
FORMAT(/' Program stopped due to Input error ** See output')

Write binary file (¥*,BIN) for input to UNSAT-H

FILE(NCHR:NCHR+3) = ! ,BIN!

OPEN(UNIT=LUB,FILE=FILE,STATUS='NEW' , FORM="'UNFORMATTED" )

WRITE(LUB) IPLANT,LOWER,NDAYS,NDAY,NPRINT, | TOPBC,HTOP,
KOPT,KEST,UP ,DOWN, | VAPOR,, DAYEND ,NYEARS , | SWD IF ,
MATN,NPT ,NGRAV ,MAXSUB ,MAXPOL , NSURPE ,NSOW ,NHRVST,
INC,MXROOT ,NWATER

WRITE(LUB) DMAXBA,DELMAX,DELMIN,RAINIF,RFACT,HIRRI ,HDRY,SATURK,
DRYK ,SATURC,DRYC,AA,B1,B2,TMOIST,LOGE , SLOPTH , SLOPKH

WRITE(LUB) TITLE,Z,H,NTROOT,THETAW,THETAD, THETAN ,RDF ,FPET, THETA,
ZK,C,MGR, VAPCOE , TSOI L ,PTRANS, PEVAPO, WOLEAK

WRITE(LUB) MAT, IHY

IF (NWATER ,EQ, 0) GO TO 760

Water input: IRDAY,IRTYP,NP,EFICEN,TIME,AMOUNT

NSTOP = 0
IF (IPRINT ,GT. 1) WRITE(LUW,7410) NWATER
PIRDAY = 0
DO 770 I=1,NWATER
READ(LUI,7420,END=775) IRDAY,IRTYPE,NP,EFICEN,
(RTIME(J) ,AMOUNT(J) ,J=1,NP)
IF (EFICEN EQ. 0,0) EFICEN = 1,0
DO 780 J=1,NP-1
TOTALR = TOTALR+AMOUNT(J)
IF (RTIME(J+1) ,LE, RTIME(J) ,AND, IRTYPE ,NE, 4) THEN
WRITE(LUS,7430) IRDAY
IF (LUSLUW) WRITE(LUW,7430) [RDAY
NSTOP = 1
ENDIF
CONT INUE
IF (IRDAY ,LE, PIRDAY) THEN
WRITE(LUS,7440) IRDAY
IF (LUSLUW) WRITE(LUW,7440) |RDAY
NSTOP = 1
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0844
0845
0846
0847
0848
0849
0850
0851
0852
0853
0854
0855
0856
0857
0858
0859
0860
0861
0862
0863
0864
0865
0866
0867
0868
0869
0870
0871
0872
0873
0874
0875
0876
0877
0878
0879
0880
0881
0882
0883
0884
0885
0886
0887
0888
0889
0890
0891
0892
0893
0894
0895
0896
0897
0898
0899
0900
0901
0902
0903
0904
0905
0906
0907
0908
0909
0910

770
775

7470

7430
7440

7490
760

ENDIF

PIRDAY = |RDAY

IF (IPRINT .GT. 1) THEN

WRITE(LUW,7450) IRDAY,RTIME(1) ,AMOUNT(1), IRTYPE ,EFICEN,NP
WRITE(LUW,7460) (RTIME(J),AMOUNT(J),J=2,NP)
ENDIF
IF (NSTOP ,EQ. 0) WRITE(LUB) iIRDAY,|RTYPE,EFICEN,NP,
(RTIME(J) ,AMOUNT(J),J=1,NP)

CONT INUE
IF (N ,NE, N) THEN

WRITE(LUS,7470) NWATER, |~-1

IF (LUSLUW) WRITE(LUW,7470) NWATER,I|-1
ENDIF
FORMAT(/' ERROR: NWATER is ',13,' but only ',13,!' events read')
IF (IPRINT ,GT, 0) THEN

WRITE(LUW,7480) TOTALR
ENDIF
IF (NSTOP LEQ. 1) THEN

WRITE(LUS,7490)

IF (LUSLUW) WRITE(LUW,7490)
ENDIF
FORMAT(' ERROR: Time of rain/irrigation not in ascending order!,/

' on day',l14)
FORMAT(' ERROR: Day of rain/irrigation not in ascending order!,
' on day',i4)

FORMAT(' ERROR: Rain data not written to the binary file')
CLOSE (UNIT=1)

Formats

1000
1001
1002
1003
1004
1006
2000
5000
5030
6010
6020

6025
6030
6032
6040
6050

6060

6080

6090
6110

6120

FORMAT(A80)

FORMAT(1015)

FORMAT(315,F5,0)

FORMAT(8F10,0)

FORMAT(/80('~1)/)

FORMAT(8F7,0)

FORMAT(80('="),/,1X,A80,/,80('=')/)

FORMAT(15/(4F14,0))

FORMAT(/!' Total Initial Moisture Content = ',F7,3,' cm!)

FORMAT(15,F5,0/(5(15,F5,0)))

FORMAT(/

! Total number of Growth Day - Leaf Area Index (LAl) data’
! pairs = ',15//,12X,'Growth Day',5X,'LAI'/12X,10('=") ,4X,
leonoe '/ ,31(13X,15,F13.3/))

FORMAT(6 (" DAY LAl "),/,6(! ——— mme—— "))

FORMAT(6(16,F7.3))

FORMAT(/' BARE = ',F5,3)

FORMAT(/' ERROR: Current LEAF options are 0 and 1, Input value!,

' was ',12/)
FORMAT(/' ERROR: Current NFROOT options are 1, Input',
value was ',12)
FORMAT(80(' ')/ NFROOT = 1:',
Negative exponential representation of root growtht!//
! AA (intersection of the curve at z=0 with abscissa) ,
F10.3,/
' Bl (coefficient defining degree of curvature) =1,
F10.5,/
' B2 (coefficient that determines the value of asymptote ,
F10.3)

FORMAT (T4, 'DAY',T14,'MAX',T25,'RO0OT!,T33,NORMAL | ZED',/
T10,'ROOT DEPTH',T23,'DENSITY',T35,'DENSITY!,/
T23,'(cm/cm) !, T35, (1/cm) !,/

T4, famt yT10, ' emmmccme e ', T23, Ve V1,33, lemmme e ')

FORMAT(T4,13, T12 F7.2,T20,F9,.3, T34 F7 4)

FORMAT(! NUPTAK 1:',

' Feddes et al, 1975 moisture dependent sink term'/)

FORMAT(/' For Material No, ',11,//,
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0911
0912
0913
0914
0915
0916
0917
0918
0919
0920
0921
0922
0923
0924
0925
0926
0927
0928
0929
0930
0931
0932
0933
0934
0935
0936
0937
0938
0939
0940
0941
0942
0943
0944
0945
0946
0947
0948
0949
0950
0951
0952
0953
0954
0955
0956
0957
0958
0959
0960
0961
0962
0963

6130
7120
7130
7140

7160
7200

7210

7220
7235

7236
7230

7240

7250

7300
7310

7320
7330
7340

7410

7420
7450
7460
7480

' THETAW (wilting point moisture content) = ',F10.4/,
' THETAD (lower limit of optimum moisture content) = ',F10,4/,
! THETAN {(upper limit of optimum moisture content) = ' ,F10,4)

FORMAT(/' ERROR: Current NUPTAK options are 1, Inputt,
' vaiue was ',12)
FORMAT(' NFHOUR = 1: Hourly PET distribution values',
! are entered by the user!')
FORMAT(' NFHOUR = 2: User subroutine for hourly', s
' PET distribution!') -
FORMAT(/' ERROR: Current NFHOUR options are 1 and 2, I!nput!,
! value was ',12)
FORMAT(3(/8(3X,F6,4))) 4
FORMAT(' NFPET = 1:',/ .
' PET is partitioned into PT and PE according'/

' to the relationship developed by Ritchie '/
' (1972)'/)

FORMAT(2(6X, 'DAY',4X,'PET!,3X, 'PTRANS',2X,'PEVAPO'),/,
206X, twmnt ,2X, 1 mmmmmm 12X, ! 1,2X,! )

FORMAT(2(6X,13,3F8,4))

FORMAT(! WARNING: NSOW was out-of-bounds (91 to 273), so it!',/, N
' was reset to !',13/)

FORMAT(!' WARNING: NHRVST was out-of-bounds (<151 or >243),',/,
! so it was reset to ',13/)

FORMAT(/' Totals: PET = ' F8,4,/,
! PTRANS = ',F8,.,4,/,
! PEVAPO = ',F8,4)

FORMAT(!' NFPET = 2: PET Is partitioned into PT and PE according'/
' to the relationship developed by Ted Hinds'//

' Biomass, g/m**2 (BiOMAS) = ¥F7,2,/
! Day of max, Transp, (TRMAX) = 'F7,2,/
! Bare soil fraction (BARE) = 1F7,2,/)

FORMAT(/' ERROR: Current NFPET options are 1 and 2, Input!,
' value was 1,12/)

FORMAT(15/,100(5(15,F5,0)/))

FORMAT(' LOWER = 3: Bottom boundary fluxes '/,
' NQLEAK = ',12,' flux changes',//,
' {nput Values (cm/day)!/)

FORMAT(5(' Day Flux 1'),/5(! === -~ 1),/,(5(14,F8.4))/)

FORMAT (' Output Values (cm/day) Interpolated from input values!'/)

FORMAT(/' ERROR: Current LOWER options are 1,2,3, and 4, ',

! Input value was ',[2)

FORMAT(!' NWATER (number of days of rain/irrigation) = !
13,//T17,'Rainfali/Irrigation Details',//,
T2,'DAY',T9,'TIME',T16, T AMOUNT' ,T25,'APPLICATION',
T39,'EFFICIENCY' ,T51,'CHANGES IN',/,T9,'(HR)!,T17,'(CM)?!,
T29,'TYPE' ,T52,'RATE/HEAD',/,T2, === ,T79,'====!,T16, | wweww= ',
T25 1w ccwac—n— 1,739, lccmccccea- 1,751 lemmm e ")

FORMAT(315,F6,0/,(2F7,0))

FORMAT(T2,13,7T7,F6.3,T16,F6,3,T30,11,T41,F5,3,755,12)

FORMAT(T7,F6,3,T17,F5,3)

FORMAT(/!' Water App. = ',F7,3,' cm')

STOP

END
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0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
oo
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022

SUBROUTINE MYHRLY (FPT)

C
c Version 1,0:
c
c Called by DATAINH
c
c Calculates hourly distribution of PET based on the sine wave
c approach of Hillel (SSSAJ 40:807-815, 1976)
C
DIMENSION FPT(24)
DATA P1/3,14159265/
TP1 = 2,*P1/24,
DO 100 [HOUR=1,24
IF (IHOUR ,LT., 7 ,OR, IHOUR ,GE, 19) THEN
FPT(IHOUR) = 0,01
ELSE
TEMP = =0,5*%COS(TPI*(1HOUR=6))+0,5*COS(TP | * (1HOUR=7))
FPT(IHOUR) = 0,88*TEMP
ENDIF
100 CONTINUE
RETURN
END
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0001 SUBROUTINE POLYCH(NPTS,C,H)

0002 C

0003 C Yersion 1,0:

0004 C

0005 C Called by DATAINH and UNSAT~H

0006 C

0007 c Calculates the moisture capacity (C) of each node as a function
0008 C of the head value (H) for that node
0009 C

0010 INCLUDE 'BVYAR,INC/NOLIST!

0032 INCLUDE 'BSOiL,INC/NOLIST!

0046 DIMENSION C(NPTS) ,H(NPTS)

0047 WCOMPR = -4,707E-8

0048 DO 1000 [=1,NPTS

0049 M = MAT(I)

0050 X = H()

0051 IF (X ,LT, AIRINT(M)) THEN

0052 C(1) = WCOMPR

0053 IF (X ,GT, O, .AND, SLOPTH(M) LT, WCOMPR) C(I) = SLOPTH(M)
0054 GO TO 1000

0055 ENDIF

0056 IF (X ,GT, HDRY) X = HDRY

0057 GO0 TO (100,200,300,400), KOPT
0058 C

0059 C KOPT = 1: Polynomial function

0060 C

0061 100 XX = X

0062 IPREV = (M~1)*MAXSUB

0063 IMAX = |PREV + NSUBTH(M)

0064 J = |PREV+1

0065 110 IF (X ,GT, XDIVTH(J) ,AND, J LT, IMAX) THEN
0066 J = J+1

0067 GO TO 110

0068 ENDIF

0069 ID =1

0070 IP = (M=1)*INC + (J~IPREV-1)*MAXPOL
0071 X = LOG10(X)

0072 X0 = X

0073 SUM = CREGTH({P+2)

0074 IF(NDEGTH(ID) .LE, 2) GO TO 130
0075 DO 120 K=3,NDEGTH(ID)

0076 SUM = SUM + (K=1)*CREGTH( IP+K) *X
0077 X = X*X0

0078 120 CONTINUE

0079 130 C(1) = LOGE*SUM/XX

0080 GO TO 500

0081 C

0082 C KOPT = 2: Haverkamp description
0083 c-

0084 200 IP = (M=1)*INC

0085 THTR = CREGTH(IP+1)

0086 ALPHA = CREGTH(IP+2)

0087 BETA = CREGTH(1P+3)

0088 XBETA = X**BETA

0089 XBM1 = X*¥(BETA-1)

0090 C(1) = =XBMI*ALPHA*BETA* (THET(M)=THTR)/ ( (ALPHA+XBETA)
0091 * (ALPHA+XBETA))

0092 GO TO 500

0093 C

0094 C KOPT = 3: Campbell description
0095 C

0096 300 IP = (M=1)¥*|NC

0097 B = CREGTH(IP+1)

0098 TEM = (X/AIRINT(M))**¥(=1-(1/B))
0099 C(1) = ~TEM*THET(M)/(B*AIRINT(M))
0100 GO TO 500
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0101
0102
0103
0104
0105
0106
0107
0108
0109
o110
o1
0112
0113
0114
0115
o116
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129

KOPT = 4: Haverkamp function, LOG~based

POOO

500

1000

(M=1)*INC

CREGTH(IP+1)

CREGTH(1P+2)

CREGTH( IP+3)

LOG(X) **BETA

LOG(X)**(BETA=1)

~XBM1*ALPHA*BETA* (THET(M)=THTR)/ (X* (ALPHA+XBETA) *¥¥2)

IP
THTR
ALPHA
BETA
XBETA
XBM1
ch

IF (C(1) .GT, 0,0) THEN
IERROR = |ERROR + 1
WRITE(LUS,6000)M,=C{(1),H(1),AIRINT(M)
ENDIF
CONT INUE
IF (1ERROR ,GT, 0) THEN
WRITE(LUS,6010) |ERROR
STOP
ENDIF
RETURN

Format Statements

6000
6010

FORMAT(' ERROR: Capacity term negative, MAT No, ',I1,' C ="',
6G12,5,' H = ',612,5,' AIRINT = ',G12,5)
FORMAT(! Program execution stopped in subroutine POLYCH '/
' because of negative capacity term(s) for ',I13,' nodes')
END
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0001 SUBROUTINE POLYKH(NPTS,ZK ,H)

0002 C

0003 C Version 1,0:

0004 c

0005 c Called by DATAINH and UNSAT=H
0006 c

0007 c Calculates the conductivity (ZK) of each node as a function of
0008 C the head value (H) for that node
0009 C

0010 INCLUDE 'BVAR,INC/NOLIST!

0032 INCLUDE 'BSO1{L,INC/NOLIST!

0046 DIMENSION ZK(NPTS) ,H(NPTS)

0047 DO 1000 !=1,NPTS

0048 M = MAT(I)

0049 X = H(I)

0050 IF (X JLT. AIRINK(M)) THEN
0051 IF (X .LE, 0,0) THEN

0052 ZK(1) = SK(M)

0053 ELSE

0054 ZK(1) = SLOPKH(M)*X+SK (M)
0055 ENDIF

0056 GO TO 1000

0057 ENDIF

0058 IF (X «GT, HDRY) X = HDRY

0059 GO TO (100,200,300,200), KOPT
0060 C

0061 c KOPT = 1: Polynomial function
0062 C

0063 100 IPREV = (M=1)*MAXSUB

0064 IMAX = IPREV + NSUBKH(M)

0065 J = |PREV+1

0066 110 IF (X ,GT, XDIVKH(J) .AND, J ,LT. IMAX) THEN
0067 J = J+l

0068 GO TO 110

0069 ENDIF

0070 D=1

0071 IP = (M=1)*INC + (J=IPREV=1)*MAXPOL
0072 X = LOG10(X)

0073 X0 = X

0074 SUM = CREGKH(|P+1)

0075 DO 120 K = 2,NDEGKH( D)

0076 SUM = SUM + CREGKH(IP+K) *X
0077 X = X*¥X0

0078 120 CONT INUE

0079 ZK(1) = 10,*¥*SUuM

0080 GO TO 1000

0081 C

0082 C KOPT = 2,4: Haverkamp conductivity function
0083 G

0084 200 IP = (M=1)*INC

0085 A = CREGKH(1P+1)

0086 B = CREGKH(IP+2)

0087 ZK(1) = SK(M)*A/(A+X**B)

0088 GO TO 1000

0089 C

0090 C KOPT = 3: Campbell conductivity function
0091 C

0092 300 1P = (M=1)*INC

0093 B = CREGKH(IP+1)

0094 ZK(1) = SK(M) * (ATRINK(M)/X)**(2,+(3,/B))
0095 1000 CONTINUE

0096 RETURN

0097 END
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0001 SUBROUTINE POLYTH(NPTS,THETA,H)

0002 C

0003 C Version 1,0:

0004 C

0005 C Called by DATAINH and UNSAT=-H

0006 C

0007 C Calculates the moisure content (THETA) of each node as a
0008 C function of the head (H) value for that node
0009 C

0010 INCLUDE 'BVAR,INC/NOLIST!

0032 INCLUDE 'BSOIL.INC/NOLIST!

0046 DIMENSION THETA(NPTS) ,H(NPTS)

0047 DO 1000 1=1,NPTS

0048 M = MAT(I)

0049 X = H(1)

0050 IF (X LT, AIRINT(M)) THEN

0051 IF (X .LE, 0,0) THEN

0052 THETA(1) = THET(M)

0053 ELSE

0054 THETA(1) = SLOPTH(M)*X+THET(M)
0055 ENDIF

0056 GO TO 1000

0057 ENDIF

0058 IF (X .GT, HDRY) X = HDRY

0059 G0 TO (100,200,300,400), KOPT

0060 C

0061 c KOPT = 1; Polynomial description
0062 C

0063 100 IPREV = (M=1)*MAXSUB

0064 IMAX = [PREV + NSUBTH(M)

0065 J = IPREV+1

0066 110 IF (X GT, XDIVTH(J)  AND, J ,LT, IMAX) THEN
0067 J = J+H1

0068 GO TO 110

0069 ENDIF

0070 ID=J

0071 IP = (M=1)*¥INC + (J=IPREV=1)*MAXPOL
0072 X = LOG10(X)

0073 X0 = X

0074 SUM = CREGTH(IP+1)

0075 DO 120 K = 2,NDEGTH(ID)

0076 SUM = SUM + CREGTH(IP+K)¥*X

0077 X = X*X0

0078 120 CONTINUE

0079 THETA(1) = SUM

0080 GO TO 1000

0081 C

0082 C KOPT = 2: Haverkamp THETA function
0083 C

0084 200 IP = (M=1)*|NC

0085 THTR = CREGTH(IP+1)

0086 ALPHA = CREGTH(IP+2)

0087 BETA = CREGTH(IP+3)

0088 THETA(1) = ALPHA*(THET(M)=THTR)/(ALPHA+X*¥*BETA) + THTR
0089 GO TO 1000

0090 C

0091 C KOPT = 3: Campbeli THETA function
0092 C

0093 300 IP = (M=1)*INC

0094 B = CREGTH(IP+1)

0095 THETA(1) = THET(M) * (X/AIRINT(M))**(-1,0/B)
0096 GO TO 1000

0097 C

0098 c KOPT = 4: Haverkamp THETA function, LN based
0099 C

0100 400 IP = (M=1)*INC

0101 THTR = CREGTH( IP+1)
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0102 ALPHA = CREGTH(IP+2)

0103 BETA CREGTH(IP+3)

0104 THETA(1) = ALPHA*(THET(M)=THTR)/ (ALPHA+(LOG(X) **BETA)) + THTR
0105 1000 CONTINLUE

0106 RETURN

0107 END
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0001 FUNCTION RHO(Z,AA,B1,B2)

0002 C

0003 c Version 1,0:

0004 C

0005 c Called by DATAINH and UNSAT=-H
0006 c

0007 c Calculates root density as a function of depth
0008 C

0009 RHO = AA¥*EXP(~B1%*Z)+B2

0010 If (Z EQ. 0,0) RHO = 0,0
001t RETURN

0012 END
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0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
o011
0012
0034
0041
0047
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0080
0081
0082
0083
0084
0085
0086
0087
0088
0089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110
o111
0112

PROGRAM UNSATH

C ———
C Version 1,0:
C
c Calls DELCHK, POLYCH, POLYKH, POLYTH, RHO, and TRIDAG
C
C Solves water balance equations
C
CHARACTER*80 |FI1LE,OF (LE,TITLE,STIME*8,SDATE*9
INTEGER SUBSTP,DAYSTP,TSTP,SUBUBC,DAYUBC, TUBC,UPPER, Wi NDEX
INTEGER SUBAST,DAYAST,TAST
INCLUDE 'BVAR,INC/NOLIST!
INCLUDE 'BARRAY,iNC/NOLIST!
INCLUDE 'BTIME,INC/NOLIST!
INCLUDE 'BSOIL,!NC/NOLIST!
REAL  MGR,KV(M1),KLMID
DIMENSION TTHETA(M1) ,ZKMID(M1) ,ZZKMID(M1),Q(M1),THICK(M1),
ZZ(M1),AT(M1),A2(M1) ,A3(M1),ZY(M1) ,RATE(24),
SUBQ(M1) ,DAYQ(M1) ,TQ(M1) ,SINK(M1) ,DAYSNK(M1),
SUBSNK (M1) ,GMOD (M1) ,GGMOD (M1)
CALL TIME(STIME)
CALL DATE(SDATE)
C**  |FILE = Binary input filename
WRITE(LUS,*)' Enter binary input filename!,
' (program appends ",BIN")!
READ(LUR,9,END=999) |FILE
9 FORMAT (A80)
NCHR = INDEX(IFiLE,' ")
IFILE(NCHR;:NCHR+3) = ' ,BIN!
WRITE(LUS,10) IFILE
10 FORMAT(!' Input filename: ',A<NCHR+3>,:,T35,'Date: ',A9,T60,
'Time: ',A8,/)
OPEN(UNIT=LU! ,FILE=IFILE,STATUS='0LD' ,FORM='UNFORMATTED")
Cx* Read in the DATAINH input file
READ(LUY) 1PLANT,LOWER,NDAYS , NDAY ,NPRINT, | TOPBC,HTOP,
KOPT ,KEST,UP ,DOWN, | VAPOR,DAYEND ,NYEARS, 1SWD IF,
MATN,NPT,NGRAV ,MAXSUB,MAXPOL ,NSURPE ,NSOW ,NHRV ST,
INC,MXROOT ,NWATER
READ(LU!) DMAXBA,DELMAX,DELMIN,RAINIF,RFACT,HIRRI ,HDRY,SATURK,
DRYK ,SATURC,DRYC,AA,B1,B2,TMOIST,LOGE ,SLOPTH , SLOPKH
READ(LU{) TITLE,Z,H,NTROOT, THETAW,THETAD, THETAN ,RDF ,FPET,THETA,
ZK,C,MGR,VAPCOE, TSOI L ,PTRANS ,PEVAPO, WOLEAK
READ(LUI) MAT, IHY
IF (NWATER .GT, O) THEN
READ(LUI) IRDAY,IRTYPE,EFICEN,NRATES,
(RTIME(J) ,AMOUNT(J), J=1,NRATES)
WINDEX = 1
ENDIF
OFILE = IFILE
OF I LE(NCHR:NCHR+3) = ' _RES!
IRL = MAX(30, (IPLANT+3) *NPT+15)
OPEN(UNIT=LUB,FILE=0OF|LE,STATUS='NEW' , FORM='UNFORMATTED',
ACCESS='DIRECT' ,RECL=1IRL)
DELT = DELMIN
G = NGRAV
NTOTAL = 24,/DELMAX
DELSUB = 24,/NTOTAL
NGDAYS = NHRVST~-NSOW+1
IF (NSOW ,GT. NHRVST) NGDAYS = 365=NSOW+1+NHRVST
C*¥* Write initial conditions to binary output file

I1DAY

=0
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0113
0114
0115
0116
0117
o118
0119
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0160
0161
0162
0163
0164
0165
0166
0167
0168
0169
0170
0171
0172
0173
0174
0175
0176
0177
0178
0179

CH*
[osdd

182

184

CH*

C**
C**

188

190

HOUR = 0,0
STORE = TMOIST
TPREV = TMOIST

WRITE(LUB,REC=1) NPT, IPLANT,(Z(1),1=1,NPT),DAYEND,NPRINT,NSURPE,
NTOTAL, I FILE,SDATE,ST IME
IF (IPLANT ,EQ, 0) THEN
WRITE(LUB,REC=2) IDAY,HOUR, (H(J),THETA(J),DAYQ(J),J=1,NPT),
DAY I NF ,DAYRAN, DAYE ,DAYTRA, DAYRUN, TPREV ,
TMOIST,DAYSTP ,PE,PT,DAYTIM,DAYAST, DAYUBC
ELSE
WRITE(LUB,REC=2) [IDAY,HOUR, (H(J),THETA(J),DAYQ(J) ,DAYSNK(J),
J=1,NPT) DAY | NF ,DAYRAN,DAYE ,DAYTRA,DAYRUN,
TPREV, TMOIST,DAYSTP,PE,PT,DAYT IM,DAYAST,DAYUBC
ENDIF
IREC = 2
IF (1ITOPBC .EQ, 1) H(1) = HTOP

Storing initial values as previous values
A double first letter implies "previous value™ (IE,, HH, TTHETA)

DO 182 1=1,NPT
HH( )
TTHETAC 1)
ZZK(1)
ccl)
GMOD( 1)
GGMOD( 1)

CONT I NUE

ZZ(1) = Z(2)=2(1)

THICK(1) = 0,5%*ZZ(1)

THICK(NPT) = 0,5*(Z(NPT)=Z(NPT=1))

DO 184 |=2,NPT-1
ZZ(1) = Z(1+1)=Z(1)

THICK(1) = 0,5*(ZZ(1=1)+ZZ(1))

CONT INUE

ISTEP = 0

H(1)
THETAC(1)
ZK(1)
C(l)

1.0
GMOD(!)

When IRTYPE = 4, constant ponding > 1 day,

iF (IRTYPE (EQ, 4) THEN
NEWPON = RTIME(2)
IF (NEWPON .EQ. 0) NEWPON = DAYEND
ITPOND = 2

ENDIF

IF (NDAY LEQ. 0) NDAY =1

If NDAY is greater than 1, go through the rain data until the
appropriate starting day Is reached

IF (NWATER .GT, O .AND. IRDAY ,LT. NDAY) THEN
IF (WINDEX .LT. NWATER) THEN
READ(LUI) IRDAY, IRTYPE,EF |CEN,NRATES, (RTIME(J),
AMOUNT(J) , J=1,NRATES)
WINDEX = WINDEX+1
G0 TO 188
ENDIF
DO 190 1=NRATES+1,24
RTIMEC1) = 0,0
CONT I NUE
ENDIF

?OOOOO

Multiple Year Loop

Head values are retained from end of previous year
Binary input data file Is rewound and repeated each year

DO 32709 |YEAR=1,NYEARS
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0180
0181
0182
0183
0184
0185
0186
0187
o188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
0212
0213
0214
0215
0216
0217
0218
0219
0220
0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246

IF (1YEAR.GT.1) THEN

REWIND LUI
DO 200 i=1,4
READ(LU1)
200 CONT INUE
IF (NWATER .GT, 0) THEN
READ (LUI) IRDAY,IRTYPE,EFJCEN,NRATES,
(RTIME(J) ,AMOUNT(J),J=1,NRATES)
WINDEX = 1
ENDIF
NDAY =1
CLOSE(UNIT=LUB)
STORE = TMOIST
TPREV = TMOIST
OPEN (UNIT=LUB,FILE=0F | LE,STATUS="NEW' ,FORM='UNFORMATTED",
ACCESS=!D|RECT! ,RECL=1RL)
WRITE(LUB,REC=1) NPT, IPLANT,(Z(1),1=1,NPT),DAYEND,NPRINT,NSURPE,
NTOTAL, | FILE,SDATE,STIME
IF (IPLANT ,EQ. 0) THEN
WRITE(LUB,REC=2) IDAY,HOUR, (H(J) ,THETA(J) ,DAYQ(J),
J=1,NPT) ,DAY INF ,DAYRAN,DAYE ,DAYTRA,DAYRUN,
TPREV,TMOIST,DAYSTP,PE,PT,DAYTIM,DAYAST ,DAYUBC
ELSE
WRITE(LUB,REC=2) 1DAY,HOUR, (H(J),THETA(J),DAYQ(J),
DAYSNK{(J),J=1,NPT) ,DAYINF ,DAYRAN,DAYE,DAYTRA,
DAYRUN,TPREV,TMOIST,DAYSTP ,PE,PT,DAYTIM,
DAYAST ,DAYUBC
ENDIF
IREC = 2
ENDIF
C**  |nitialize yearly cumulatives
APLIED = O,
OLDRAT = 0.
TAST =0,
TE =0,
TETRAN = 0,
TINF = 0,
TPE = 0,
TPET = 0.
T = 0,
TRAIN = 0,
TRUNOF = 0,
TSTP =0
TTIM = 0,
TTIRRI = 0,
TTRA = 0,
TUBC =0
DO 210 i=1,NPT
TQ(1)=0.0
210  CONTINUE
C
c Day Loop
C
c IDAY = Day number
c NDAY = Starting day
c DAYEND = Ending day
C

DO 32706 |DAY=NDAY,DAYEND
TPREV = TMOIST
IF (LOWER .EQ., 3) QLAST
IF (LOWER ,EQ, 4) QLAST
TOTALR = 0,
IF (IRTYPE .NE, 4) THEN
IRRI 0
iRAIN = 0

WQLEAK(1DAY)/24,
0.0



0247 ENDIF

0248 DO 310 t=1,24

0249 RATE(I) = 0,0

0250 310  CONTINUE

0251

0252 C** Check for rain on current day and set times
0253

0254 IF (IRDAY ,NE, IDAY) GO TO 330
0255 'F (IRTYPE .EQ, 1) THEN

0256 IRAIN = 1

0257 ELSE

0258 IRRY = 1

0259 ENDIF

0260 TSTART = RTIME(1)

0261 TSTOP = RTIME(NRATES)

0262 TEND = RTIME(2)

0263

0264 C**  Determines the water input rate (cm/h)
0265 Ch* If IRTYPE = 1, input is PPT, if IRTYPE = 2, input is IRR]
0266 .

0267 IF (IRTYPE .EQ. 1 JOR, IRTYPE ,EQ, 2) THEN
0268 DO 320 |=1,NRATES-1

0269 TOTALR = TOTALR+AMOUNT(1)

0270 320 CONT I NUE

0271 APLIED = APLIED+TOTALR

0272 IF (IRTYPE ,EQ, 2) APLIED = APLIED*EFICEN
0273 J=1

0274 DO 322 |=1,24 v

0275 IF ((1=1) LT, TSTART .OR. (I=1) .GE. TSTOP) GO TO 322
0276 IF (C1=1) LEQ, RTIME(J)) THEN

0277 RATE(1) = AMOUNT(J)/(RTIME(J+1)=RTIME(J))
0278 J o= 4+l

0279 ELSE

0280 RATE(1) = RATE(I-1)

0281 ENDIF

0282 322 CONT I NUE

0283 ELSE IF (IRTYPE EQ. 3) THEN

0284 HPOND = AMOUNT(1)

0285 ELSE IF (IRTYPE .EQ., 4) THEN

0286 HPOND = AMOUNT (| TPOND)

0287 IHPOND = 1

0288 IF (IDAY ,GT. NEWPON) THEN

0289 ITPOND = | TPOND+1

0290 NEWPON = RTIME( I TPOND)

0291 IF (NEWPON ,EQ, 0) NEWPON = DAYEND

0292 ENDIF

0293 ENDIF

0294

0295 CH#* If IPLANT
0296 cx* I f IPLANT

0, PTRANS = 0 and PET becomes PEVAPO
1, PET becomes PTRANS + PEVAPQO

0297

0298 330 PE = PEVAPO(IDAY)

0299 IF (IPLANT L,EQ. 0) THEN

0300 PET = PE

0301 ELSE

0302 PT = PTRANS(IDAY)

0303 PET = PE + PT

0304 ENDIF

0305 IF CIPLANT (NE, 0) THEN

0306 \F (IDAY ,GE, NSOW) THEN

0307 NGROW = [|DAY=NSOW+1

0308 ELSE

0309 NGROW = 365+ |DAY~-NSOW+1

0310 END I F

0311 IF (NGROW ,GT, NGDAYS) GO TO 435
0312

0313 C*¥* Determine to which depth roots have gone
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0314

0315 =1

0316 400 IF (NGROW ,GT, NTROOT(1) ,AND, | ,LT, MXROOT) THEN
0317 1= 1+l

0318 GO TO 400

0319 ENDIF

0320 MDEPTH = |

0321 IF (MDEPTH ,EQ, 1) GO TO 435

0322

0323 C** Estimate root density factor (RDF) at each node of root depth
0324

0325 ROOTS = 0.

0326 DO 410 i=1,MDEPTH

0327 RDF(1) = RHO(Z(1),AA,B1,B2)

0328 ROOTS = ROOTS+RDF(1)*THICK (1)
0329 410 CONT INUE

0330 |F (MDEPTH ,GT. 1 ,AND, MDEPTH ,LT. NPT) THEN
0331 ROOTS = ROOTS-RDF(MDEPTH) *TH | CK (MDEPTH) *0,5
0332 RDF(MDEPTH) = 0,5*RDF(MDEPTH)
0333 ENDIF

0334 DO 420 I=1,MDEPTH

0335 RDF(1) = RDF(1)/ROOTS

0336 420 CONT INUE

0337 ENDIF

0338

0339 C** Initiaiize daily cumulative totals
0340

0341 435 DAYAST = 0

0342 DAYSTP = 0

0343 DAYTIM = 0,0

0344 DAYE = 0.0

0345 DAYPE = 0,0

0346 DAYTRA = 0,0

0347 DAYPT = 0,0

0348 DAYINF = 0,0

0349 DAYIRR = 0,0

0350 DAYRUN = 0,0

0351 DAYRAN = 0,0

0352 DAYUBC = O

0353 TPREV = TMOIST

0354 DO 440 1=1,NPT

0355 DAYSNK(I) = 0,0

0356 DAYQ(1) = 0,0

0357 440 CONTINUE

0358 PTSUB = 0,0

0359 PESUB = 0,0

0360 C

0361 C NTOTAL Loop

0362 c

0363 o Program will remain in this loop untii 1 day has been simulated,
0364 C

0365 DO 32672 N=1,NTOTAL

0366 SPREV = TMOIST

0367 NHR = INT(1,0+(N=1)%24,/NTOTAL)
0368 iF (IPLANT .EQ, 1 ,OR, NSURPE .EQ, 1) THEN
0369 PTSUB = PT*FPET(NHR)

0370 PESUB = PE*FPET(NHR)

037 ENDIF

0372 IF (IRAIN LEQ, 1) PRAIN = RATE(NHR)
0373 IF (IRRI .EQ, 1) PIRRI = RATE(NHR)
0374 }F (RATE(NHR) ,EQ, O,) THEN

0375 ISATUK = 0

0376 ELSE

0377 ISATUK = 1

0378 IF (OLDRAT ,GT, O0,) ISATUK = 2
0379 ENDIF

0380
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0381

0382
0383
0384
0385
0386
0387
0388
0389
0390
0391

0392
0393
0394
0395
0396
0397
0398
0399
0400
0401

0402
0403
0404
0405
0406
0407
0408
0409
0410
0411

0412
0413
0414
0415
0416
0417
0418
0419
0420
0421

0422
0423
0424
0425
0426
0427
0428
0429
0430
0431

0432
0433
0434
0435
0436
0437
0438
0439
0440
0441

0442
0443
0444
0445
0446
0447

Cx*

450

Cx*
C**

Iinitialize total values for each DELMAX (max time step)

SUBAST
SUBE
SUBIRR
SUBINF
SUBRAN
SUBRUN
SUBSTP
SUBTIM
SUBTRA
SUBUBC
DO 450 1=1,NPT

SUBSNK(1) = 0,0

SUBQ(1) = 0.0
CONTINUE

L]
[N e OCOOO0OO0

COO0OO0OO0OO0OO0COOO
.

Start of estimations for each minimum time step
TDONE = TIME 0, SUBEND = TIME 1

(N~1)*DELSUB
TDONE+DELSUB

TDONE
SUBEND

OO0

Start of the DELSUB loop., The program remains here unti! DELSUB
time has elapsed, (i,e. TSUB = DELSUB)

32649

C**
Cx*

Cx*

Cxx

C**
C**

TSUB = 0,0

IF(,NOT, (DELSUB-TSUB,GT.MIN(,0001,DELMIN))) GO TO 32648
If (DELT ,LT, DELMiN) DELT = DELMIN

DELSVYL = DELSAV

DELSAV = DELT

TSUB TSUB+DELSAV

When UPPER
When UPPER

0, Flux surface bc
1, constant head surface bc

UPPER = 0
NSINK = 0
IF CIPLANT LEQ, 1) NSINK = 1

Surface flux initially set to the evaporation rate

SFLUX = =-PESUB
IF (IRRlI LEQ., 1 ,AND, IRTYPE ,GT. 2) THEN
IF (HPOND ,GT. 0) THEN
H(1) = -HPOND
UPPER = 1
ELSE
| HPOND
IRRI
ENDIF
GO TO 32647
ELSE

0
0

# o

During watering, surface evaporation set to zero

IF (ISATUK .EQ. 0) GO TO 32647
IF (ISATUK .EQ. 1) THEN

For the first time step of a rainfali event, C and K are set to
their values at saturation and DELT is reduced by RAINIF

C(1) = SATURC
ZK(1) = SATURK

TSUB = TSUB-DELT
DELT = DELT*RAINIF

IF (DELT ,LT. DELMIN) DELT = DELMIN
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0448
0449
0450
0451
0452
0453
0454
0455
0456
0457
0458
0459
0460
0461
0462
0463
0464
0465
0466
0467
0468
0469
0470
0471
0472
0473
0474
0475
0476
0477
0478
0479
0480
0481
0482
0483
0484
0485
0486
0487
0488
0489
0490
0491
0492
0493
0494
0495
0496
0497
0498
0499
0500
0501
0502
0503
0504
0505
0506
0507
0508
0509
0510
0511
0512
0513
0514

TSUB = TSUB+DELT
ENDIF
NS INK
SFLUX
ENDIF
32647 F (IPLANT ,NE, 1) GO TO 32639
TRANSP = 0,0
DO 500 I=1,MDEPTH
SINK(1) = 0,
500  CONTINUE

0
RATE(NHR)

C**  Transpiration is assumed to be zero during irrigation or rainfall
IF (PTSUB .EQ. 0.0) NSINK = 0
C**  Estimate sink term by a modified FEDDES method

IF (NSINK (NE, 1) GO TO 32639
DO 520 1=1,MDEPTH

MATY = MAT(I)

TH = (THETACI)+TTHETA(1))*0,5
THW = THETAW(MATI)

THD = THETAD(MATI)

THN = THETAN(MATI)

IF (TH .GT, THW ,AND, TH .LE, THN) THEN
IF (TH LT, THD) THEN
ALPHAF = (TH=THW)/(THD=THW)

ELSE
ALPHAF = 1.0
ENDIF
ELSE
ALPHAF = 0,0
ENDIF
SINK(1) = PTSUB*ALPHAF*RDF (1)
TRANSP = TRANSP+SINK (1) *THICK( )
520 CONTINUE
C
C Convergence loop for the current time step
C

32639 ISAVUP = UPPER
IF (ITOPBC ,EQ, 1) THEN

UPPER = 1
I SAVUP = UPPER
ENDIF
C**  mpecrease DELT" loop when surface boundary condition changes
150 DELSVL = DELSAV
DELSAV = DELT
NPPT = NPT=1
C
C Predictor=Corrector Loop (while "IN" < 2 )
C
C This implicit scheme solves the partial differential equation
C for the change in head
C
IN=0
32626 |F (IN ,GE, 2) GO TO 32625
IN = [N+

DEL = 1,/DELSAV
C**  Calculate internodal conductivities
IF (IVAPOR LEQ, 1) THEN
DO 555 1=1,NPT

KV(I) = VAPCOE*(THET(MAT(1))=THETACI))*EXP(=H()*MGR/TSOIL)
555 CONTINUE
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0515
0516
0517
0518
0519
0520
0521
0522
0523
0524
0525
0526
0527
0528
0529
0530
0531
0532
0533
0534
0535
0536
0537
0538
0539
0540
0541
0542
0543
0544
0545
0546
0547
0548
0549
0550
0551
0552
0553
0554
0555
0556
0557
0558
0559
0560
0561
0562
0563
0564
0565
0566
0567
0568
0569
0570
0571
0572
0573
0574
0575
0576
0577
0578
0579
0580
0581

560

C**

570

C**

ENDIF
DO 560 1=1,NPPT
[F (KEST .EQ. 1) THEN
KLMID = (ZK(1)+ZK(1+1))%0,5
ZKMID( 1) = (ZKCDAKVCD+ZKOI+1)+KV(141) ) *0,5
ELSE IF (KEST EQ, 2) THEN
IF (=(HOI+Z(1)) JGT. =(H(I+1)+Z(1+1))) THEN
KLMID = ZK(1)*UP+ZK( 1+1) *DOWN
ZKMIDC1) = (ZKCDHKVCE))XUP + (ZK(1+1)4KV(1+1) ) XDOWN
ELSE
KLMID = ZK(1)*DOWN+ZK( | +1)*yUp
ZKMIDCI) = (ZKCIHKV(1) ) *DOWN + (ZK(1+1)4KV(1+1))*UP
ENDIF
ELSE IF (KEST .EQ. 3) THEN
KLMID = (ZK(1)*ZK(I+1))%**Q,5
ZKMID(1) = ((ZKCD+KV(1)) * (ZKCI1+1)4KV(1+1)))%*0,5
ENDIF
IF (IVAPOR ,EQ, 1) GMOD(1) = KLMID/ZKMID(1)
[F (ISTEP ,EQ. O) THEN
ZZKMID(1) = ZKMID(1)
GGMOD(1) = GMOD(I)
ENDIF
CONT INUE
ISTEP = 1
IF (ITOPBC .EQ, 1) THEN
UPPER = 1
H(1) = HTOP
ENDIF

Calculate coefficients for simulation of change in head
DC 570 114=2,NPPT

| Hi=1
(NN

= |1+

31 = ZU1D=2(1)

FZZ1 = 1,/(231%2Z(1))

Fzz2 = 1,/(Z31*2Z(11))

ZK1 = ZKMID(|)*FZZ1

ZK2 = ZKMID(I |} *FZZ2

2ZK1 = ZZKMID(1)*FZZ1

ZZK2 = ZZKMIDCI1)*FZZ2

AVC = 0.5%(CCIN+CC(11))

A2(11) = AVC*DEL-ZK1=-ZK2

ALCED) = ZK1

A3(IL) = ZK2

ZY(11) = ZZKT1*(HHCL D) =HHC ) +ZZ (1) *G*GGMOD( 1) )
=ZZK2* (HHC 11 1)=HHCE 1)+ZZ (1)) *G*GGMOD (1 1))
+AVC¥HH( | | ) *DEL-SINK (1 1)+ZK1*ZZ( 1) *G*GMOD( |)
~ZK2¥ZZ(11)*G*GMOD( | 1)

CONT INUE

IF (UPPER ,EQ. 1) THEN

Surface node equation for constant head b,c,

ISTART = 2
ZY(2) = ZY(2)=A1(2)*H(1)}
Al1(2) =0,

ELSE

Surface node equation for flux b,c,

21 = ZZ(Q1)

VAR = ZKMID(1)/(Z1%*21)
Z111 = ZZKMID(1)/(Z1*Z1)
AVC = (C(1)+CC(1))*0,5
Al(1)y = 0,0

A2(1) = AVC*DEL~ZM1
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0582
0583
0584
0585
0586
0587
0588
0589
0590
0591

0592
0593
0594
0595
0596
0597
0598
0599
0600
0601

0602
0603
0604
0605
0606
0607
0608
0609
0610
0611

0612
0613
0614
0615
0616
0617
0618
0619
0620
0621
0622
0623
0624
0625
0626
0627
0628
0629
0630
0631
0632
0633
0634
0635
0636
0637
0638
0639
0640
0641

0642
0643
0644
0645
0646
0647
0648

C**

Ce

A3(1)
ZY(n

211

AVC*DEL*HH( 1)=ZKMID (1) *G*GMOD( 1) /Z1~Z111*(HH(2)=HH(1)
+Z1¥*G*GGMOD (1) )+2 . *SFLUX/Z1=-SINK(1)

1

1 START
ENDIF

Option LOWER: 1=semi, 2=static, 3=dynamic, 4=impermeable

IF (LOWER .NE. 2) THEN
N ZZ(NPPT)
INN ZKMID(NPPT) / (ZN*ZN)
ZNNN ZZKMIiD(NPPT)/ (ZN*ZN)
AVC 0.5* (C(NPT)+CC(NPT))
A3(NPT) = 0,0
IF (LOWER ,EQ, 1) QLAST
IF (LOWER .EQ. 4) QLAST
AT(NPT) = ZNN
A2(NPT) = AVC*DEL~-ZNN
ZY(NPT) = AVC*HH(NPT)*DEL
+ZNNN* (HH(NPT)=HH(NPPT)+ ZN*G*GGMOD (NPPT) )
=2 *QLAST/ZN+ZKMID(NPPT) *G*GMOD(NPPT)/ZN
NPPT = NPT
ENDIF

nwuwuw uan

0.5* (ZK(NPT)+ZZK(NPT))
0.

won

Solution of tridiagonal matrix

CALL TRIDAG(ISTART,NPPT,A1,A2,A3,ZY,H)

OO0

Sotlution estimate complete for this iteration

05
CR*

CR*
C‘I“I'

784

NPPT = NPT=1

Check whether surface b,c, changed due to solution with glven
flux, |f so, repeat as constant surface head b,c,

160150 = 0
IF (UPPER EQ. 0) THEN
IF (H(1) LT, HIRRI) THEN
H(1) HIRRI
UPPER 1
ZK(1) SATURK
cn SATURC
160150 = 1
ENDIF
IF (H(T)
H(1)
ZK(1)
c(n
UPPER
160150
ENDIF
ENDIF

LU L IV O 1]

GT., HDRY) THEN
HDRY

DRYK

DRYC

1

1

nunane

Passed convergence check on upper boundary condition
Check whether results are less than HDRY,

DO 784 1=1,NPT
IF (H(1) .GT. HDRY) H(1) = HDRY
CONT INUE
{F (IN .EQ. 1) THEN
CALL POLYKH(NPT,ZK,H)
CALL POLYCH(NPT,C,H)
ENDIF
IF (160150 .EQ, 1) THEN
SUBUBC = SUBUBC*I
DO 782 1=2,NPT
HCL) = HHCD)
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0649
0650
0651
0652
0653
0654
0655
0656
0657
0658
0659
0660
0661
0662
0663
0664
0665
0666
0667
0668
0669
0670
0671
0672
0673
0674
0675
0676
0677
0678
0679
0680
0681
0682
0683
0684
0685
0686
0687
0688
0689
0690
0691
0692
0693
0694
0695
0696
0697
0698
0699
0700
0701
0702
0703
0704
0705
0706
0707
0708
0709
0710
AR
0712
0713
0714
0715

782 CONTINUE
GO TO 150
ENDIF
CALL POLYTH(NPT,THETA,H)
GO TO 32626
C
c End of the Predictor-Corrector Loop
C
32625 SUBAST = SUBAST+1i
C**  Check for convergence on THETA
IF (ISWDIF .NE, 0) GO TO 32594
DIFMAX = 0,0
DO 788 |I=1,NPT
THDIF = ABS((THETA(I)~TTHETACI))/TTHETA(1))
DiFMAX = MAX(DiFMAX,THDIF)
788  CONTINUE
160150 = 0
C**  |f time step reaches DELMIN, accept the § THETA change error,
C**  even if it is greater than DMAXBA, and continue
IF (DELT ,GT, DELMIN ,OR, DIFMAX .LT, DMAXBA) CALL DELCHK
IF (160150 ,EQ, 1) GO TO 795
C**  Fluxes are calculated at all column segments
32594 DO 792 |1=2,NPT
| = |1=1
Zi = ZZ(1)
QC1) = DELSAV*0,5*(ZKMID( 1) *(H(|1)=H(1)+ZI*G*GMOD( 1))+
ZZKMIDCH) ®(HHCI | )=HH( 1 )+Z I *G*GGMOD( 1)) )/ Z)
792 CONT INUE
C**  Surface flux (SSFLUX)
C**  Estimate infiltration from THETA and geometry i{f saturated
C**  (i.e, UPPER ,EQ. 1)
C**  |f the infiltration was from ralnfall, however, do not let it
C*¥*  exceed the actual rainfali (i,e, ISAVUP ,NE, 1)
IF (UPPER .EQ., 1) THEN
SSFLUX = Q(1)+(THETA(1)=TTHETA(1))*THICK(I)
IF (ISAVUP ,NE, 1 ,AND, H{1) .EQ. HIRR})
SSFLUX = MIN(SSFLUX,SFLUX*DELSAV)
IF (1SAVUP .NE. 1 ,AND, H(1) .EQ. HDRY)
SSFLUX = MAX(SSFLUX,SFLUX*DELSAV)
ELSE
SSFLUX = SFLUX®*DELSAV
ENDIF
C**  Deep drainage flux
IF (LOWER ,EQ, 2) THEN
Q(NPT) = Q(NPPT)=(THETA(NPT)=TTHETA(NPT) ) *THICK(NPT)
ELSE
Q(NPT) = QLAST®DELSAV
ENDIF
C**  Estimate total water storage in the profile (SMOIST) and the
C** mass balance error (DIFFMA)
SMOIST = 0,0
DC 794 |=1,NPT
SMOIST = SMC!{ST+THETA(I)*THICK(1)
794 CONT I NUE

DIFFMA = ABS((TMO!ST+SSFLUX=TRANSP*DELSAV~Q(NPT)=SMOIST))
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0716
0717
0718
0719
0720
0721
0722
0723
0724
0725
0726
0727
0728
0729
0730
0731
0732
0733
0734
0735
0736
0737
0738
0739
0740
0741
0742
0743
0744
0745
0746
0747
0748
0749
0750
0751
0752
0753
0754
0755
0756
0757
0758
0759
0760
0761
0762
0763
0764
0765
0766
0767
0768
0769
0770
0771
0772
0773
0774
0775
0776
0777
0778
0779
0780
0781
0782

CH*
CH*

795

796

Reduce the time step if the mass balance error is not within
limits (when ISWDIF LEQ, 1)

IF (ISWDIF .EQ. 0) GO TO 798
|F (DELT ,GT, DELMIN ,OR, DIFFMA ,LT, DMAXBA) CALL DELCHK
IF (160150 LEQ, 1) THEN
DO 796 I=1,NPT
THETAC1) = TTHETA(1)
ZK(1) ZZK(1)
c(n CCl)
HCI) HH( D)
CONTINUE
IF (ISATUK .EQ. 1) THEN
ZK(1) SATURK
c(n SATURC
ENDIF
UPPER = |SAVUP
GO TO 150
ENDIF

End of convergence loop
Time step successful, all conditions satisfied, New values
are made as previous values and hourly totals are updated

~NOOOO0O0

800

805

IF (1SATUK oEQ. 1) ISATUK = 2
SUBSTP = SUBSTP+1
SUBTIM = SUBTIM+DELSAV
DO 800 i=1,NPT
SUBQ(1) = SUBQ(I+Q(I)
CONT I NUE
SUBTRA = SUBTRA+TRANSP*DELSAV
DO 805 !=1,MDEPTH
SUBSNK( 1) = SUBSNK(I)+SINK(|)*DELSAV
CONTINUE
IF (SSFLUX ,GT, 0,0) THEN
SUBINF = SUBINF+SSFLUX
ENDIF
IF (SSFLUX LT, 0,0) SUBE = SUBE =SSFLUX
IF (RATE(NHR) .GT. 0. .OR. HPOND .GT. 0.) THEN
SUBRAN = SUBRAN+DELSAV*PRAIN
SUBIRR = SUBIRR+DELSAV*P{RRI
RUNOFF = 0,0
iF (PIRRI*DELSAV ,GT., SSFLUX) RUNOFF = PIRRI*DELSAV-SSFLUX
IF (PRAIN*DELSAV ,GT. SSFLUX) RUNOFF = PRAIN®DELSAV-SSFLUX
IF (RUNOFF ,GT, 0,0) SUBRUN = SUBRUN+RUNOFF
ENDIF
DO 810 I=1,NPT
TTHETACI) = THETA(I)
ZZK(1) ZK( 1)
ccee) cn
ZZKMID(1) = ZKMID(I)
GGMOD( 1) GMOD( 1)
HH( 1) HOL)
CONT | NUE
TMOIST = SMOIST
GO TO 32649

[}

oo onow

End of the DELSUB Loop. (TSUB = DELSUB)
Daily totals are updated

DAYAST
DAYE
DAYINF
DAYIRR
DAYPE
DAYPT

DAYAST+SUBAST
DAYE+SUBE

DAY INF+SUBINF
DAY IRR+SUBIRR
DAYPE+PESUB
DAYPT+PTSUB

nw nu uu
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0783
0784
0785
0786
0787
0788
0789
0790
0791
0792
0793
0794
0795
0796
0797
0798
0799
0800
0801
0802
0803
0804
0805
0806
0807
0808
0809
0810
0811
0812
0813
0814
0815
0816
0817
0818
0819
0820
0821
0822
0823
0824
0825
0826
0827
0828
0829
0830
0831
0832
0833
0834
0835
0836
0837
0838
0839
0840
0841
0842
0843
0844
0845
0846
0847
0848
0849

DAYRAN = DAYRAN+SUBRAN
DAYRUN = DAYRUN+SUBRUN
DAYSTP = DAYSTP+SUBSTP
DAYTIM = DAYTiM+SUBT IM
DAYTRA = DAYTRA+SUBTRA
DAYUBC = DAYUBC+SUBUBC
OLDRAT = RATE(NHR)
SSFLUX = SUBINF-SUBE

DO 825 I=1,NPT
DAYSNK(1) = DAYSNK(1)+SUBSNK ()
DAYQ(1) = DAYQ(1)+SUBQ(1)

825  CONTINUE
C**  Write DELSUB summary to binary output file
IF (NPRINT .EQ. 1) THEN
IREC = IREC+1
HOUR = N¥*DELMAX
IF (IPLANT .EQ. O) THEN
WRITE(LUB,REC=IREC) IDAY,HOUR, (H(J),TTHETA(J),SUBQ(J),
J=1,NPT) ,SUBINF , SUBRAN , SUBE , SUBTRA,
SUBRUN, SPREV, TMO1ST, SUBSTP ,PESUB,PTSUB, SUBT IM,
SUBAST,SUBUBC
ELSE
WRITE(LUB,REC=IREC) IDAY,HOUR, (H(J),TTHETA(J),SUBQ(J),
SUBSNK(J),J=1,NPT) ,SUBI NF,SUBRAN,SUBE , SUBTRA,
SUBRUN, SPREV , TMOIST, SUBSTP ,PESUB,PTSUB,SUBT IM,
SUBAST ,SUBUBC
ENDIF
ENDIF
C**  Estimate new DELT to start the next DELSUB period
DELT = MiN(DELSUB,2,0*DELSUB/SUBSTP)
32672 CONTINUE
C
c End of the NTOTAL Loop for this day
C
N = N=1
HOUR = N¥*DELMAX
C**  Add daily total to simulation total
TAST = TAST+DAYAST
TSTP = TSTP+DAYSTP
TTIM = TTIMHDAYTIM
TPE = TPE+DAYPE
TE = TE+DAYE
TETRAN = TETRAN+DAYE
TTIRRI = TTIRRI+DAYIRR
TINF = TINF+DAYINF
TRUNOF = TRUNOF+DAYRUN
TTRA = TTRA+DAYTRA
TPT = TPTHDAYPT
TRAIN = TRAIN+DAYRAN
TPET = TPETHPET
TUBC = TUBC+DAYUBC
DO 860 [=1,NPT
TQ(1) = TQU1)+DAYQ( 1)
860  CONTINUE
{F (NWATER ,GT. WINDEX ,AND, IDAY .EQ. IRDAY) THEN
READ(LUI) [IRDAY, IRTYPE,EFICEN,NRATES,(RTIME(J),
AMOUNT(J) , J=1,NRATES)
WINDEX = WINDEX+1
ENDIF
C*¥*  Write daily summary to binary output file
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0850

0851 IREC = IREC+1

0852 IF CIPLANT .EQ, 0) THEN

0853 WRITE(LUB,REC={REC) [|DAY,HOUR, (H(J),THETA(J) ,DAYQ(J),
0854 J=1,NPT) DAY | NF ,DAYRAN,DAYE,DAYTRA,

0855 DAYRUN,TPREV,TMOIST,DAYSTP,PE,PT,DAYTIM,

0856 DAYAST ,DAYUBC

0857 ELSE

0858 WRITE(LUB,REC=IREC) 1DAY,HOUR, (H(J),THETA(J) ,DAYQ(J),
0859 DAYSNK(J),Jd=1,NPT) ,DAYINF ,DAYRAN,DAYE,DAYTRA,
0860 DAYRUN,TPREV ,TMOI ST ,DAYSTP,PE,PT,DAYTIM,

0861 DAYAST,DAYUBC

0862 ENDIF

0863 32706 CONTINUE

0864 C

0865 c End of the Day Loop for this simulation

0866 c

0867 c Write final simulation summary to binary output file

0868 G

0869 TERR = STORE+TINF-TE-TTRA-TQ(NPT)-TMOIST

0870 IREC = |REC+1

0871 TTIM = TTIM/24,0

0872 WRITE(LUB,REC=IREC) |DAY,G, |PLANT,TPET,TPT,TTRA,TPE,TE, TETRAN,
0873 TRUNOF ,TINF,TTIM,TRAIN,APLIED,TTIRRI ,TMOIST,TERR,
0874 TSTP,(TQ(1),1=1,NPT) ,TAST, TUBC

0875 32709 CONTINUE

0876 CLOSE(UNIT=LUB)

0877 999  STOP

0878 END
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0013
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0047
0048
0049
0050
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0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0080
0081

0082
0083
0084
0085

SUBROUTINE DELCHK

C
c Version 1,0:
c
c Called by UNSAT-H
c
C Adjusts the time step according to the mass balance error,
c Specifically, it will increase or decrease the time step
c according to the ratio
c (when ISWDIF ,EQ, 0) DMAXBA/D |FMAX
C (when ISWDIF ,EQ., 1) DMAXBA/DIFFMA
C
INCLUDE 'BVAR, INC/NOLIST!
INCLUDE 'BTIME.iNC/NOLIST!
R = 20,
{F (ISWDIF .EQ. O .AND, DIFMAX ,GT. 0,001) R = DMAXBA/DI|FMAX
IF (ISWDIF ,EQ, 1 ,AND, DIFFMA ,GT, 1,E~=7) R = DMAXBA/DIFFMA
IF (R .LE. 1.) THEN
C
c Decrease the time step
C
RPRIM = R¥R
IF (RPRIM ,LT, 0,5) RPRIM = 0,5
TSUB = TSUB - DELT
DELT = DELT * RPRIM
IF (DELT ,LT. DELMIN} THEN
IF (1DAY .NE, IDAYLS) THEN
IDAYLS=IDAY
WRITE(LUS,6000) IDAY,DELT,R,DIFMAX,TDONE+TSUB
ENDIF
DELT = DELMIN
ENDIF
iG0150 = 1
TSUB = TSUB+DELT
GO TO 1000
ELSE
C
c Increase the time step
C

RPRIM = 0,5%(14R)
IF (RPRIM ,GT, RFACT) RPRIM = RFACT
DELT = DELT*RPRIM
IF (DELT ,GT, DELSUB) DELT = DELSUB
TLEFT = DELSUB-TSUB
IF (TLEFT ,EQ. O. ,OR, TLEFT ,GT. 2*DELT) GO TO 900
IF (TLEFT .LE, DELT) THEN
DELT = MAX(DELMIN,TLEFT)
ELSE
DELT = TLEFT/2,0
ENDIF
ENDIF
900 RSAVE = R
1000 RETURN
C

c Format statements
C

6000 FORMAT(' IDAY',13,' DELT!,E12.5,' R',F8.4,' DIFMAX=",G12.5,
' TIME=',612,5,/,' Simuiation continued with DELMIN?')
END
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0023
0024
0025

SUBROUTINE TRIDAG(IF,L,A,B,C,D,V)

OOOOO0O0O0

Version 1,0:
Called by UNSAT-H

Solves the tridiagonal solution matrix

100

200

DIMENSION A(L),B(L),C(L),D(L),V(L),BETA(250) ,GAMMA(250)
BETA(IF) = B(IF)
GAMMACIF) = D(IF)/BETACIF)
(FP1 = 1F+1
DO 100 I=IFPI,L
Io=1 -1
BETAC!) = B(1) = A(1)*C(I1)/BETACI1)
GAMMA(1) = (D(1)=AC1)*GAMMACI1))/BETA(I)
CONT INUE
V(L) = GAMMA(L)
LAST = L - IF
DO 200 K = 1,LAST
I =L =K
V(1) = GAMMACT) = CCIY*V(I+1)/BETA(I)
CONT I NUE
RETURN
END
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0001 PROGRAM DATAQUT

0002 C

0003 C Version 1,0:

0004 C

0005 C Calls HARDCOPY, LISTDATA, REINIT, and SCAN
0006 C

0007 C Processes the binary output file (¥,RES) generated by UNSAT=H,
0008 C -
0009 CHARACTER*80 TMFILE

0010 INCLUDE 'BOUT,INC/NOLIST!

0026 WRITE(LUS,6000)

0027 20 WRITE(LUS,6010)

0028 READ(LUR,5000) IFILE

0029 NCHR = INDEX(IFILE,"1")

0030 IF (NCHR ,EQ, 0) THEN

0031 NCHR = INDEX(CIFILE,',")

0032 ELSE

0033 TMFILE = IFILE(NCHR+1:NCHR+21)

0034 NCHRTM = INDEX(TMFILE,',")

0035 NCHR = NCHR+NCHRTM

0036 ENDIF

0037 OPEN(UNIT=LUIl ,FILE=IFILE,STATUS='0LD',FORM="UNFORMATTED"',
0038 ACCESS='DIRECT' ,ERR=900)

0039 READ(LU{ ,REC=1) NPT, {PLANT,(Z(1),1=1,NPT) ,DAYEND,NPRINT,NSURPE,
0040 NTOTAL ,RFILE,SDATE,STIME
0041 MAXREC = 3+DAYEND*(1+NTOTAL*NPRINT)

0042 IREC = 2

0043 WRITE(LUS,*)

0044 50 WRITE(LUS,6020)

0045 READ(LUR,*) IOPT

0046 IF (1OPT ,LT., 1 ,OR, 10PT ,GT, 5) I0PT = 0
0047

0048 GO TO (999,100,200,300,400,500), I0PT+1
0049

0050 100  CALL REINIT

0051 GO TO 50

0052 200 CALL SCAN

0053 GO TO 50

0054 300 CALL HARDCOPY

0055 GO TO 50

0056 400 CALL LISTDATA

0057 GO TO 50

0058 500 CLOSE (Lul)

0059 GO TO 20

0060

0061 900 WRITE(LUS,6040) [FILE

0062 GO TO 20

0063 999 sTOP ' !

0064 C

0065 C FORMAT Statements

0066 C

0067 5000 FORMAT(A80)
0068 6000 FORMAT(10(/),
'

0069 Program DATAOUT 1',/,

0070 ' Version 1,0',/,

0071 ' Contact: MJ Fayer 376-8326',//,

0072 ' Program DATAOUT provides several options for!',/,
0073 ' processing the UNSAT-H output file (¥,RES)'/)

0074 6010 FORMAT(/' Enter data filename ===> ' $)
0075 6020 FORMAT(' COMMAND LEVEL: The processing options are,..',//,
0076 ' 0) Exit the program',/,

0077 ' 1) Reinitialize',/,

0078 ' 2) Scan the data',/,

0079 ' 3) Create hardcopy outputt!,/,

0080 ' 4) Create data files for plotting',/,
0081 ' 5) Change the current ¥*,RES file!,//,
0082 ' Enter the number of your choice ===> 1,%)
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0083 6040 FORMAT(/' No record of file ',A50,/,
0084 ' Try againg,,.'/)
0085 END
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0001 SUBROUT INE HARDCOPY

0002 C

0003 C Version 1,0:

0004 C

0005 C Called by DATAQUT

0006 o

0007 C Calls READREC and SUMMARY

0008 c

0009 C Creates a hard copy of the results of an UNSAT=H simulation,
0010 C including the initial conditions and the simulation-end summary,
0011 C The user can choose to have the copy saved as a file on disk or
0012 C have the copy printed directly without saving it on disk,
0013 C-

0014 INCLUDE 'BOUT,.INC/NOLIST!?

0030 WRITE(LUS,6000)

0031 WRITE(LUS,6010)

0032 OFILE = IFILE

0033 OF ILE(NCHR:NCHR+3) = ! ,OUT!

0034 OPEN(UNIT=LUW,FILE=0F | LE,STATUS="NEW!)

0035 WRITE(LUS,6020)

0036 READ(LUR,*) OPTION

0037 WRITE(LUS,6030) NPT

0038 READ(LUR,*) NDEPTH, (NODE(|),!=1,NDEPTH)

0039 WRITE(LUS,*)

0040 IF (NDEPTH .LE, Q) THEN

0041 NDEPTH = 1

0042 NODE(1) = 1

0043 ENDIF

0044 IREC = 2

0045 JDAY = 0

0046 100 IF (OPTION ,EQ. 1 .AND, JDAY ,EQ. 2) IREC = MAXREC-1
0047 CALL READREC

0048 IF (1ERROR L,EQ, 1) THEN

0049 CLOSE (LUW,STATUS='KEEP!")

0050 WRITE(LUS,6040)

0051 GO TO 300

0052 ENDIF

0053 IF (IREC .EQ. 2) THEN

0054

0055 C*¥*  |nitial Condition summary

0056

0057 NCHR1 = INDEX(RFILE,' ')

0058 WRITE(LUW,6050) RFILE,SDATE,STIME

0059 WRITE(LUW,6060)

0060 WRITE(LUW,6070) (1,Z(1),H(I),THETACI),I=1,NPT)
0061 WRITE(LUW,6080) TMOIST

0062 ELSE

0063

0064 C**  paily summary

0065

0066 SSFLUX = DAY INF=DAYE

0067 TNEW = TPREV+DAY!NF+DAYRUN=DAYE=DAYTRA~DAYQ (NPT)
0068 DAYERR = ABS(TNEW~-TMOIST)

0069 WRITE(LUW,6090) (DAY ,HOUR

0070 WRITE(LUW,6100) (Z(NODE(1)),|=1,NDEPTH)

0071 WRITE(LUW,6110) (THETA(NODE(I)),I=1,NDEPTH)
0072 WRITE(LUW,6120) (H(NODE(I)),1=1,NDEPTH)

0073 WRITE(LUW,6130) (DAYQ(NODE(!)),I=1,NDEPTH)
0074 IF (IPLANT ,GT. 0) WRITE(LUW,6140) (DAYSNK(NODE(1)),I1=1,NDEPTH)
0075 WRITE(LUW,6150)

0076 WRITE(LUW,6160) TPREV,DAYINF,DAYRUN,DAYE,
0077 DAYTRA,DAYQ(NPT) ,TNEW,TMO IST
0078 WRITE(LUW,6170) DAYERR,DAYSTP

0079 IF (NSURPE .EQ. 1) WRITE(LUW,6180) PE,DAYE
0080 IF (IPLANT .EQ. 1) WRITE(LUW,6190) PT,DAYTRA
0081 ENDIF

0082 IF (IREC ,EQ. MAXREC-1) GO TO 200
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0083 JDAY = JDAY+1

uon

0084 IREC = 2+(NTOTAL*NPRINT+1) *JDAY
0085 GO TO 100

0086

0087 C**  Simulation-end Summary

0088

0089 200 WRITE(LUW,6200)

0090 IREC = MAXREC

0091 CALL SUMMARY

0092

0093 C*¥*  Qutput to elther a file or the printer
0094

0095 300 WRITE(LUS,6210)

0096 READ(LUR,*) 1OPT

0097 IF (I0PT EQ, 1) THEN

0098 CLOSE (LUW,STATUS='KEEP')
0099 WRITE(LUS,6220) OFILE

0100 ELSE

0101 CLOSE (LUW,STATUS='PRINT/DELETE")
0102 ENDIF

0103

0104 400 WRITE(LUS,6000)

0105 RETURN

0106 C

0107 C FORMAT Statements

0108 C

0109 6000 FORMAT(/80(t=1)/)

0110 6010 FORMAT(' HARDCOPY (Option No, 3)!/)

o1 6020 FORMAT(' The HARDCOPY options are:',//,

0112 ' 1) Initial conditions, summaries of !',/,

0113 ' the first and last days, and the !,/,
0114 ! year-end summary'!,/,

0115 ' 2) Same as option (1) but includes a ',/,
0116 ' summary of each and every day!,//,
0117 ' Enter the desired option ===> 1, $)

0118 6030 FORMAT(/' when printing the results, data for up to 6 ',/,
0119 ! individual nodes can be included,!,//,

0120 ! Enter the number of nodes desired (1 to 6) and ',/,
o121 ' the node numbers (1 to !',13,') ===> 1 §)

0122 6040 FORMAT(/' HARDCOPY stopped!/)
0123 6050 FORMAT(T22'UNSAT=H SIMULATION RESULTS',//,

0124 ' Input Filename: ',A<NCHR1-1>,T35,'Date: ',A9,T60,
0125 "Time: ',A8,/80('~')//

0126 T26' INITIAL CONDITIONS'/T26,18(1=")/)

0127 6060 FORMAT(2(5X,'NODE',4X,'DEPTH',6X,"'HEAD',4X, ' THETA"),/,
0128 2(5X, 1=m==t,3X, 1,4X,! 1,2X, ' memmeat))

0129 6070 FORMAT((2(6X,13,F10,3,F10,1,F8,4)))

0130 6080 FORMAT(/!' Initial Water Storage = ',F8,4,! cm')

0131 6090 FORMAT(/80('=')/' DAILY SUMMARY: Day = !',|13,', Total !,
0132 fSimulated Time = ',F7,4,' hours'/,80('='))

0133 6100 FORMAT('! Depth ',6F12,2)

0134 6110 FORMAT(' Moist ',6(F12,4))

0135 6120 FORMAT(' Head ',6(1PE12,3))

0136 6130 FORMAT(' Flux ',6(1PE12,3))

0137 6140 FORMAT(' Sink ',6(1PE12,3))

0138 6150 FORMAT(/' PRESTOR',X,' INFIL',X,' RUNOFF ',X,! EVAPO !,

0139 X,! TRANS',2X,' DRAIN',X,! NEWSTOR',10X,'STORAGE')

0140 6160 FORMAT(F9,4,'+',F7,4,'+',F7,4,1x,'=!,

0141 F7.4,'=',F7,4,'-',F8,4,' =',F8,4,' Versus',F9,4/)

0142 6170 FORMAT(' Mass Balance (cm) = ',F7,4,', Time steps = ',16)

0143 6180 FORMAT(/!' Evaporation: Potential = ',fF7,.,4,', Actual = ',F7,4)
0144 6190 FORMAT(/' Transpiration: Potential = ',F7,4,', Actual = ',F7,4)

0145 6200 FORMAT(1H1)
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0146 6210 FORMAT(/' Output specification:t,//,

0147 ' 1) fo a file on disk!',/,
0148 ' 2) directly to the printer!,//,
0149 ' Enter the desired choice ===> 1,§)

0150 6220 FORMAT(/' HARDCOPY output can be found in file !,A<NCHR+3>)
0151 END
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SUBROUTINE LISTDATA

Version 1,0:

Called by DATAOUT

Calls READREC

Creates data lists, such as

for review on the screen or
used for plotting purposes.

head values at the end of each day,
for output to a separate file to be

COOO0O0O00O0000O00

CHx

100

C**

C**

INCLUDE 'BOUT,INC/NOLIST!
WRITE(LUS,6000)
WRITE(LUS,6010)

Choose UNSAT-H variable for

NOUT = 1

WRITE(LUS,6020)

READ(LUR,*) CHOICE

1F (CHOICE ,LE, -1) GO TO 20

IF (NPRINT L,EQ, 1 (AND, CHO|
WRITE(LUS,6030) NTOTAL
READ{LUR,*) NOUT
IF (NOUT ,LT, 1) NOUT = 1
{F (NOUT ,GT, NTOTAL) NOUT
ICOUNT = 1

ENDIF

Choose output device option,

WRITE(LUS,6040)
READ{(LUR,*) (OUT
IF (10UT .EQ. 1) THEN
OFILE = IFILE
OF ILE(NCHR:NCHR+3) = ',LIS
OPEN(UNIT=LUW, F| LE=OF I LE,S
ELSE
KEEPLUW = LUW
LUW = LUS
ENDIF

Enter node numbers for desir

IF (CHOICE .EQ. 0 .OR, CHOIC
WRITE(LUS,6050) NPT
READ(LUR,*) NDEPTH, (NODE( |
WRITE(LUS,*)

{F (NDEPTH ,LE, 0) THEN
NDEPTH = 1
NODE(1) = 1
ENDIF
ENDIF
WRITE(LUW,6060) RFILE,SDATE,

output

0
CE .EQ. 2) THEN

= NTOTAL

either screen or file

'
TATUS="NEW')

ed output
E .EQ. 1 ,OR, CHOICE .EQ. 4) THEN
), 1=1,NDEPTH)

STIME, IFILE

IF (CHOICE ,EQ. O ,OR, CHOICE ,EQ, 1 ,OR, CHOICE .EQ. 4) THEN

WRITE(LUW,6070) (NODE(I),]
ELSE IF (CHOICE ,EQ, 2) THEN
WRITE(LUW,6080)
CUMINF = 0,0
RATINF = 0,0
ELSE If (CHOICE .EQ, 3) THEN
WRITE(LUW,6082)
ELSE IF (CHOICE .EQ. 5) THEN
WRITE(LUW,6085)
ENDIF

=1,NDEPTH) , (Z(NODE( 1)), 1=1,NDEPTH)
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0083 C** Read variables and write to screen or file

0084

0085 DO 130 IREC=2,MAXREC-1

0086 IF (NPRINT .EQ. 1 .AND, IREC .EQ. (2+I1DAY*(NTOTAL+1))) GO TO
130

0087 CALL READREC

0088 IF (1ERROR .EQ. 1) GO TO 135

0089 DAY = |IDAY-1,0+HOUR/24.0

0090 IF (IDAY .EQ. O) DAY = 0,0

0091 IF (CHOICE .EQ, 0) THEN

0092 WRITE(LUW,6090) DAY, (H(NODE(I1)),i=1,NDEPTH)

0093 ELSE IF (CHOICE .EQ. 1) THEN

0094 WRITE(LUW,6100) DAY, (THETA(NODE(I)),1=1,NDEPTH)
0095 ELSE {F (CHOICE ,EQ. 2) THEN

0096 IF (NPRINT ,GE, 1 ,AND,

0097 IREC JEQ. 2+IDAY*(1+NTOTAL/NPRINT)) GO TO 130
0098 IF (IDAY GT, 0) RATINF = DAYINF/DAYTIM

0099 CUMINF = CUMINF+DAY INF

0100 IF (1COUNT ,EQ, NOUT) THEN

0101 WRITE(LUW,6110) DAY,RATINF,CUMINF

0102 ICOUNT = 0

0103 ENDIF

0104 ICOUNT = ICOUNT+1

0105 ELSE IF (CHOICE .EQ. 3) THEN

0106 WRITE(LUW,6112) DAY,DAYTIM,DAYSTP,DAYAST ,DAYUBC
0107 ELSE IF (CHOICE .EQ. 4) THEN

0108 WRITE(LUW,6105) DAY, (DAYQ(NODECI)),I=1,NDEPTH)

0109 ELSE (F (CHOICE .EQ. 5) THEN

0110 WRITE(LUW,6114) DAY,TMOIST

o1 ENDIF

0112 130 CONTINUE

0113 135 IF (IOUT LEQ. 1) THEN

0114 WRITE(LUS,6120) OFILE

0115 CLOSE (LUW,STATUS='KEEP?')

0116 LUW = KEEPLUW

0117 ENDIF

0118 WRITE(LUS,6000)

0119 GO TO 100

0120 200 WRITE(LUS,6000)

0121 RETURN

0122

C

0123 C FORMAT Statements

0124

C

0125 6000 FORMAT(/80('=')/)

0126 6010 FORMAT(' LISTDATA (Option No, 4)!'/)

0127 6020 FORMAT(' The LISTDATA options are:t,/,

0128 ' -1) Return to DATAOUT command level!,/,
0129 ' 0) Look at HEAD values',/,

0130 ' 1) Look at THETA vaiues',/,

0131 ' 2) Look at infiltration (rate and cum)',/,
0132 ' 3) Look at DAYTIM,DAYSTP,DAYAST,DAYUBC',/,
0133 ' 4) Look at Q values!',/,

0134 1 5) Look at TMOIST!,//,

0135 ' Enter the desired option ===> ',§)

0136 6030 FORMAT(/' Options for reducing the amount of infil, outputt,/,
0137 1) output every DELSUB period!,/,
0138 ' 2 to'15') output reduced by a factor equal to ',/,
0139 ' the selected choice!,//,

0140 ' Choose output reduction option ===> ' §)

0141 6040 FORMAT(/' Options for output device:',/,

0142 0) screen',/,

0143 ' 1) file! //,

0144 ' Choose output device option ===> ',§)

0145 6050 FORMAT(/!' When listing data, data for up to 7 ',/,

0145 ' individua! nodes can be viewed,',//,
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0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0160
0161
0162
0163
0164
0165
0166
0167
0168
0169

6060

6070

6080
6082

6085
6090
6100
6105
6110
6112
6114
6120

! Enter the number of nodes desired (1 to 7) and V,/,
' the node numbers (1 to ',13,') ===> 1.%)
FORMAT(/' Run Input Filename: ',A50,/,
' Date of Run: ',A9,/,
! Time of Run: ',A8,/,
' Results Fllename: ',A50,/)
FORMAT (TS, 'NODE =',T15,<NDEPTH>(12,8X),/,
T4,'DEPTH = ! ,<NDEPTH>(F8,2,2X),/,
' DAY'/80('=")/)
FORMAT(T13,'Rate of'T24'Cumulativet!/

T5'Day!'T11 infil(cm/hr)'T24% infil (cm)'/80('~1)/)
FORMAT(T13,'Daily Simulated'/

T5'Day!'T16'Time (h)'/30('=')/)
FORMAT(TS'Day!'T13'TMOiST!/! —nevmacwa 1,2X, ' emmmemes /)
FORMAT(F10,5,7F10,1)

FORMAT(F10,5,7(2X,F6.4,2X))

FORMAT(F10,5,1P,7E10,.3)

FORMAT(F10,5, 1P2E12,4)

FORMAT(F10,.5,1PE12,4,0P,3110)

FORMAT(F10,5,F8,2)

FORMAT(/!' The data has been written to file ',A<NCHR+3>)

END
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SUBROUT INE READREC

QOO0

Version 1,0:

Called by DATAOUT subroutines HARDCOPY, LISTDATA, REINIT, and
SCAN

Reads the *,RES file (from UNSAT~H), either DELSUB or daily
summary records .

INCLUDE 'BOUT.INC/NOLIST!
1ERROR = 0
IF (IPLANT EQ, O) THEN
READ(LUI ,REC=IREC,ERR=200) IDAY,HOUR, (H(J),THETA(J),DAYQ(J),
J=1,NPT) ,DAY | NF ,DAYRAN, DAYE ,DAYTRA,DAYRUN,
TPREV,TMOIST,DAYSTP,PE,PT,DAYTIM,DAYAST,DAYUBC
ELSE
READ(LUI,REC=1REC,ERR=200) |DAY,HOUR, (H(J),THETA(J) ,DAYQ(J),
DAYSNK(J),J=1,NPT) ,DAY I NF,DAYRAN,DAYE ,DAYTRA,
DAYRUN, TPREV, TMOIST,DAYSTP ,PE,PT,DAYTIM,DAYAST,DAYUBC
ENDIF
RETURN

WRITE(LUS,6000) IREC
IERROR = 1
GO TO 100

FORMAT Statements

FORMAT(/!' Record No, ',15,! could not be read'/)
END
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SUBROUTINE REINIT

QOO0

Latest Revision

Cal led by DATAOUT

Calls READREC -
Reads the *,RES output file from UNSAT-H and outputs a file

(TOSS.,0UT) with the final head values, The TOSS,OUT file can
serve as the initial conditions for the next simulation »

100

INCLUDE 'BOUT.INC/NOLIST! .
WRITE(LUS,6000)
IREC = MAXREC-1 \
CALL READREC Y
IF (1ERROR .EQ. 1) THEN

WRITE(LUS,6010)

GO TO 100
ENDIF .
OPEN (UNIT=2,NAME='TOSS,OUT*, TYPE="NEW')
NDAY = 0
WRITE(2,6020) NDAY,(H(1),1=1,NPT)
WRITE(LUS,6030) |DAY
WRITE(LUS ,6000)
CLOSE (2)
RETURN

FORMAT Statements

6000
6010
6020
6030

FORMAT(/80('=1)/)
FORMAT(! The chosen file could not be reinitialized!)
FORMAT(15,T60,'NDAY!/4F14,3,T60,'Initial Conditions'/(4F14,3))
FORMAT(' File T0SS,0UT has been created,',/,

' |t contains head values for the end of day ',13)
END
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0011
0012
0013
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071

0072
0073
0074
0075
0076
0077
0078
0079
0080
0081

0082

SUBROUTINE SCAN

OO0OO0OO0OOO0O000

Version 1,0:

Called by DATAOUT

Cails READREC and SUMMARY

Displays on the screen the end-of-DELSUB and end-of-day

summar ies for any day of a simulation, inciuding the initial
conditions and the simulation-end summary

C**

120

C**

C**

CcH*

INCLUDE 'BOUT. INC/NOLIST!
WRITE(LUS,6000)
WRITE(LUS,6010) NPT
READ(LUR,*) NDEPTH, (NODE(1),1=1,NDEPTH)
WRITE(LUS,*)
IF (NDEPTH ,LE, 0) THEN
NDEPTH = 1
NODE(1) = 1
ENDIF
D=1
IF (DAYEND ,GT, 9) 1D
IF (DAYEND .GT. 99) ID

2
3

Choose a day for scanning

WRITE(LUS,6020) DAYEND,DAYEND+1

READ(LUR,*) JDAY

IF (JDAY .LE, -1) GO TO 200

IF (JOAY .GT. DAYEND+1) THEN
WRITE(LUS,6030) JDAY,DAYEND+1
GO TO 120

ENDIF

Qutput simulation~end summary

IF (JDAY ,EQ. DAYEND+1) THEN
IREC = MAXREC
KEEPLUW = LUW
LUW = LUS
CALL SUMMARY
LUW = KEEPLUW
WRITE(LUS,6000)
GO TO 120
ENDIF

Choose a DELSUB period for scanning

IF (NPRINT .EQ. 1 .AND, JDAY  NE, O) THEN
WRITE(LUS,6040) NTOTAL/NPRINT, 1+(NTOTAL/NPRINT)
READ(LUR,*) JH

ENDIF

IREC = 2+JDAY+(JH+(JDAY=1)*NTOTAL=1)*NPRINT

IF (JDAY EQ, 0) IREC = 2

CALL READREC

IF (IERROR .EQ. 1) GO TO 120

Qutput the initial conditions

IF (JDAY LEQ, O) THEN
NCHR1 = INDEX(RFILE,' ')
WRITE(LUS,6050) RFILE,SDATE,STIME
WRITE(LUS,6060)
WRITE(LUS,6070) (1,Z(1),H(1),THETACI),i=1,NPT)
WRITE(LUS,6080) TMOIST
WRITE(LUS,6000)
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0083
0084
0085
0086
0087
0088
0089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
o110
o1
0112
0113
0114
0115
0116
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149

Cl*

200

GO TO 120
ENDIF

OQutput DELSUB/daily summaries

SSFLUX
TNEW

DAYERR
IF (NPRINT LEQ,

[ ||

DAY INF=DAYE
TPREV+DAY INF+DAYRUN=-DAYE=DAYTRA=DAYQ (NPT)
ABS (TNEW-TMOIST)

0 .OR, JH ,EQ, 1+(NTOTAL/NPRINT)) THEN

WRITE(LUS,6090) 1DAY,DAYTIM

ELSE

WRITE(LUS,6100) |DAY,HOUR,DAYTIM

ENDIF
WRITE(LUS,6110)
WRITE(LUS,6120)
WRITE(LUS,6130)
WRITE(LUS,6140)
IF (IPLANT .GT.
WRITE(LUS,6160)
WRITE(LUS,6170)

WRITE(LUS,6180)
IF (NSURPE LEQ.
IF (IPLANT LEQ.
WRITE(LUS,6000)
GO TO 120

WRITE(LUS,6000)
RETURN

(Z(NODE( 1)), 1=1,NDEPTH)
(THETA(NODE( 1)), 1=1,NDEPTH)
(H(NODE(1)),1=1,NDEPTH)
(DAYQ(NODE( 1)), I=1 ,NDEPTH)

0) WRITE(LUS,6150) (DAYSNK(NODE(1)),1=1,NDEPTH)

TPREV DAY INF ,DAYRUN, DAYE,
DAYTRA,DAYQ(NPT) ,TNEW, TMOIST
DAYERR,DAYAST,DAYSTP ,DAYUBC
1) WRITE(LUS,6190) PE,DAYE
1) WRITE(LUS,6200) PT,DAYTRA

FORMAT Statements

6000
6010

6020

6030

6040

6050

6060

6070
6080
6090

6100

6110
6120
6130
6140

FORMAT(/80('~')/)
FORMAT(! SCAN (Option No. 2)',//,
' When scanning the results, data for up to 6 ',/,
' individual nodes can be viewed,!,//,
! Enter the number of nodes desired (1 to 6) and ',/,
! the node numbers (1 to ',13,!) ===> 1 §)
FORMAT(! The SCAN options are:',/,
'

<9-1D>X,'1 to !,

=1) Return to DATAOUT command level!,/,
0) Look at the initial conditions!,/,
1<ID>,') Look at the end-of-day summary for?,
! chosen day!',/,

<9-1D>X, ! ',1<ID>,') Look at the end~-of-year summary'!,//,
' Enter the desired option ===> !',%)
FORMAT(/' The chosen day (',13,') is greater than DAYEND+1 (!,

13,'),

Try again...'/)

FORMAT(/' This file contains hourly data, The options are:!,//,
T6,'1 to!,15,T15') summary of the chosen time period',/,
T10,15,T15') overall summary of the chosen day!,//,

' Enter

the desired choice ===> !,§)

FORMAT(///T26"INITIAL CONDITIONS!/T26,18('=")/,
' Input Filename: ',A<NCHR1-1>,T35,'Date: ',A9,T60,

'Time: ',

A8,/80('=1))

FORMAT(2(5X, 'NODE' ,4X, 'DEPTH! ,6X, "HEAD' ,4X, 'THETA"),/,

2(5X,"

13X, ',axX,! 1,2x,! ")

FORMAT( (2(6X,13,F10,3,F10,1,F8,.4)))

FORMAT(/!' Initial Water Storage = !,F8,4,! cm!)

FORMAT(//' DAILY SUMMARY: Day = ',I13,!, Simulated Time = !,
F7.4,' hours'/,80('=%))

FORMAT(//' HOURLY SUMMARY: Day = !',l4,', Hour = !,
F7.,4,', Simulated DELSUB Time = ',F7,4,' hours'/,80('="))

FORMAT(' Depth !',6F12,2)

FORMAT(' Moist ',6(F12,4))

FORMAT(' Head
FORMAT(' Flux

',6(1PE12,3))
',6(1PE12,3))
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0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0160

6150
6160

6170

6180

6190
6200

FORMAT(' Sink ',6(1PE12,3))

FORMAT(/' PRESTOR',X,' INFIL',X,' RUNOFF ',X,' EVAPO !,
X,' TRANS',2X,' DRAIN',X,' NEWSTOR',10X,'STORAGE"')

FORMAT (F9.4,1+! ,F7 .4, 4 F7,4,1x,1=1,
F7.4,1=1,F7.4,'-1,F8.4,' =1,F8.4,' Versus',F9,4/)

FORMAT(' Mass Balance (cm) = ',F7.4,/

! Time steps: Attempted = ',13,'; Successful =
': Repeated (UPPER=1) = !,13)
FORMAT (' Evaporation: Potential = ',F7,4,', Actual =
FORMAT(' Transpiration: Potential = ',F7,4,', Actual =

END
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0001

0002
0003
0004
0005
0006
0007
0008
0009
0010
0026
0027
0028
0029
0030
0031

0032
0033
0034
0035
0036
0037
0038
0039
0040
0041

0042
0043
0044
0045
0046
0047
0048
0049
0050
0051

0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071

SUBROUT INE SUMMARY

C

C Version 1,0:

c

c Calted by DATAOUT subroutines HARDCOPY and LISTDATA

c

c Reads and outputs the year-end summary data found in the last
c record of an UNSAT-H *,RES file

C

INCLUDE 'BOUT,.INC/NOLIST!

READ(LU1 ,REC=MAXREC,ERR=200) IDAY,G,|PLANT,TPET,TPT,TTRA,TPE,TE,
TETRAN, TRUNOF ,TINF,TTIM,TRAIN,APLIED,TTIRRI,
TMOIST,TERR,TSTP,(TQ(1), 1=1,NPT) ,TAST,TUBC

WRITE(LUW,6000) IDAY-1,1PLANT,TPET,TPT,TTRA,TPE,TE,TETRAN,
TRUNOF ,TINF,TQ(NPT) ,APLIED,TRAIN,TTIRRI ,TMOIST,
TERR,TSTP,TAST,TUBC,TTIM

SFLOW = TINF=-TE

WRITE(LUW,6020) IDAY=1

WRITE(LUW,6030) Z(1),SFLOW,(0,5%(Z(1)+Z(1+1)),TQCi),I=1,NPT=1),
Z(NPT) , TQ(NPT)

100 RETURN
200 WRITE(LUS,6040) MAXREC
GO TO 100
C
C FORMAT Statements
C
6000 FORMAT(//' YEAR-END SUMMARY FOR ',13,' SIMULATION DAYS !,
*(Units: cm)',//,
' Transpiration Scheme is: =114/
! Potential Evapotranspiration =',F9,4/
! Potential Transpiration =1,F9.4/
' Actual Transpiration =1_F9,4/
! Potential Evaporation =1 _F9,4/
' Actual Evaporation =',F9,4/
' Evaporation during Growth =1,F9,4/
! Tota!l Runoff =Y,F9,4/
' Total Infiltration =1,F9,4/
! Total Drainage at Base of Profile =V ,F9,4/
' Total Applied water =1,F9,4/
' Actual Rainfall =1 ,F9,4/
! Actual Irrigation =1 F9,4/
! Total Final Moisture Storage =1,F9,4/
! Mass Balance Error =1 ,F9,4/
! Total Successful Time Steps (this run) =',19/
! Total Attempted Time Steps (this run) =',19/
! Total Changes in Surtface Boundary =1,19/
' Total Time Actually Simutated (days) =1,F9.4)
6020 FORMAT(///' Total flux {(cm) across different depths at the !,
' end of ',13,! days:'//
3(5X, 'DEPTH! ,8X,'FLUX',3X),/,
3(4X, tmmmmme 1,3, lemmmcm e )
6030 FORMAT(3(3X,0P,F8,3,1P,E14,4))
6040 FORMAT(/' The end~of-year summary record (',15,') could not!,

' be read, SUMMARY aborted,',/)
END
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8.2 GLOSSARY OF TERMS

The following glossary defines the major terms used within the various

codes.,

The glossary has been divided into sections defining variables, arrays,

parameter constants, and functions and subroutines.

8.2.1 Variables

A

AA
ALPHA
ALPHAF

APLIED
AVC

B

BARE
BETA
BIOMAS

Bl
B2

DAYE

DAYEND.

DAYINF
DAYIRR
DAYPE
DAYPT
DAYRAN
DAYRUN
DAYSTP
DAYTIM
DAYTRA
DEL

DELMAX
DELMIN
DELSAV
DELSUB

DELSVL
DELT
DIFFMA

DIFMAX

Coefficient in Haverkamp conductivity function

Coefficient in the exponential root growth equation

Coefficient in Haverkamp moisture characteristic description

Sink reduction factor, based on the moisture content of each node
(Feddes method)

Running total of rainfall/irrigation amounts as they are input
Average specific moisture capacity over a time step (units: 1/cm)

Coefficient in Campbell functions and Haverkamp conductivity function
Fraction of soil surface that is bare of plants

Coefficient in Haverkamp moisture characteristic description

Plant shoot_biomass scaling factor used in adjusting transpiration
(units: g/m2)

Coefficient in the exponential root growth equation

Coefficient in the exponential root growth equation

Running total of evaporation for a given day (units: cm)

Ending simulation day

Running total of infiltration for a given day (units: cm)

Running total of irrigation for a given day (units: cm)

Total potential evaporation for a given day (units: cm)

Total potential transpiration for a given day (units: cm)

Running total of rain for a given day (units: cm)

Running total of runoff for a given day (units: cm)

Running total of time steps taken during a given day

Actual number of hours simulated in a particular day (units: h)
Running total of transpiration for a given day (units: cm)

A shortened version of 1/DELSAV for use in calculating the
coefficients for the solver (in the predictor-corrector loop) (units:
1/h)

Maximum time step (normally 1 h) (units: h)

Minimum allowable time step (units: h)

The time step size of the current predictor-corrector loop (units: h)
Length of a time subdivision of a day, normally equal to DELMAX
(units: h)

Value of the last successful time step (units: h)

The projected time step (units: h)

Mass balance error that is calculated at the end of each successful
time step when ISWDIF = 1 (units: cm)

Maximum observed frac§1on§1 change in THETA for any node when
ISWDIF = 0 (units: /cm®)
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DMAXBA

DOWN
DRYC
DRYK
DUMMY
EFICEN
F271
Fz12

G

HD
HDRY
HHPOND
HIRRI
HN
HOUR
HPOND
HTMP
HTOP
HW

I

ID
IDAY
IDAYLS
TERROR

IFILE
1G0150

Time-step control parameter., If ISWDIF = 0, DMAXBA is the maximum
allowable fractional change in the water content of any node. If
ISWDIF = 1, DMAXBA is the maximum allowable difference between
prgdic ed and calculated soil profile water storage values (units:
cm>/cm® or cm, respectively) :
Downstream weighting factor for estimating conductivity at the
midpoint between nodes; DOWN = 1,0 - UP

Limit of specific moisture capacity when H is set to HDRY

Limit of conductivity when H is set to HDRY

Dummy character variable used for input

Efficiency of the irrigation scheme (i.e., how much of the water
actually gets onto the soil surface)

Part of solution matrix
Part of solution matrix

Option to orient the soil profile
(0) horizontally
(1) vertically

Head corresponding to moisture content below which plant
transpiration starts to decrease below the potential (units: cm)
Maximum head to which the soil can dry out (units: cm)

Initial ponding height when IRTYPE = 3 or 4 (units: cm)

Minimum head that can occur during rain or irrigation; a negative
number indicates a positive pressure (units: cm)

Head corresponding to moisture content above which plants do not
transpire because of anaerobic conditions (units: cm)

Running total of time simulated during the day (units: h)

Current ponding height when IRTYPE = 3 or 4 (units: cm)

Temporary storage location for head values during extrapolation of
head values for property estimation (units: cm)

Head value of the surface node when ITOPBC = 1 for a constant head
boundary condition (units: cm)

Head corresponding to moisture content below which plants wilt and
stop transpiring (units: cm)

Integer index
Index identifying a soil property polynomial in POLYCH, POLYKH, and
POLYTH
Day number
Flag that indicates the last day that a detailed print was generated
when DELT went below DELMIN. Occurs in the time-step control
loops. Allows only 1 print per day, then is reset to IDAY
Sum of nodes for which the capacity was calculated in POLYCH as
negative., If greater than zero, the program stops
Name of the input file (with *,BIN extension)
Flag in the convergence loop

(0) indicates nothing

(1) indicates an iteration must be repeated because

of a water-balance problem
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IHPOND  Flag indicating that there will be ponding during that particular day

II Integer index
ITI Integer index
IN Indicates location within the predictor-corrector loop

(0) before the Toop
(1) after the predictor but before the corrector

(2) after the corrector

INC Potential number of coefficients for completely describing any one
soil hydraulic property, found in POLYCH, POLYKH, and POLYTH

IP Index of soil property coefficients, found in POLYCH, POLYKH, and
POLYTH

IPLANT  Option to include plants
(0) no plants

(1) plants
IR Index number of each rainfall event during a given day
IRAIN Flag indicating water application in the form of rain on day
IRDAY=IDAY
IRDAY Day on which a rain/irrigation event occurs
IREC Record counter for control of binary output
IRL Binary record length that depends on the number of nodes
IRRI Flag indicating water application in the form of irrigation or

ponding on day IRDAY=IDAY
IRTYPE  Option for water application
(1) rain
(2) irrigation
(3) constant ponding depth less than 1 day
(4) constant ponding depth greater than 1 day
ISATUK  Flag (normally 0) that is set to (1) to initiate a saturated surface
condition at the start of a water application event and (2) once the
event has been initiated
ISAVUP  Saves the UPPER switch so it can be reset correctly if it is changed
during the convergence loop
I[START  Array index passed to subroutine TRIDAG
(1) flux surface boundary condition
(2) constant head surface boundary condition
ISTEP Flag that is (0) on the first time step, thus allowing UNSAT-H to set
ZKKMID and GGMOD equal to ZKMID and GMOD, respectively, on the first
time. After the first time step, ISTEP is always (1) and ZKKMID and
GGMOD are always equal to the ZKMID and GMOD values at the end of the
previous time step
ISWDIF  Option for time-step control
(0) maximum percent change in THETA
(1) mass balance
ITOPBC Option for the surface boundary condition
(0) flux
(1) constant head, for which the program will require a
value for HTOP, the head at the surface
ITPOND Index of the next time for changing the ponding depth; used when
IRTYPE=4
IVAPOR  Option to include isothermal vapor flow; requires values for TORT,
VAPDIF, and TSOIL
IYEAR Index of year being simulated
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KEST

KLMID
KOPT

LEAF

LOGE
LOWER

MATI
MATN
MAXPOL
MAXSUB

MDEPTH
MGR

MXROOT

N

NCHR
NDAY
NDAYS
NEWPON

NFHOUR

Integer index

Options for estimating the conductivity between nodes
(1) arithmetic mean
(2) upstream weighting of arithmetic mean
(3) geometric mean
The 1iquid water conductivity at the midpoint between nodes
(units: cm/h)
Options available to describe soil hydraulic properties
(1) polynomials
(2) Haverkamp functions
(3) Campbell functions
(4) Haverkamp functions except that head in the moisture
retention function is replaced by 1n(head)

Option for entering leaf area index (LAI) (if IPLANT = 1)
(1) User supplies LAI values for the year
(2) User supplies a subroutine
Shortened version of Tog(exp(l)); used in POLYCH
Options to describe the lower boundary condition
(1) semi-infinite profile with a unit gradient
(2) constant head (e.g., static water table if initial head
specified as zero)
(3) specified daily bottom flux
(4) impermeable boundary

Short version of MAT(I)

Number of different soil materials

Maximum degree of soil property polynomials + 1

Maximum number of subdivisions of any given soil property
description. In other words, the maximum number of polynomials
needed to completely describe the soil property

Node to which roots have penetrated on a given day

Lumped parameter; molar weight of water times the gravity constant,
divided by the universal gas constant (units: °K/cm)

Deepest node to which roots will penetrate during the year

Index of present DELSUB period
Index of the '.' character position in a file name
Starting day
Total number of days of available data
Time (ITPOND) when the present ponding height should be changed
(units: h)
Option for distributing the daily potential evapotranspiration (PET)
value over the course of the day
(1) User supplies 24 hourly values that must sum to 1.0
(2) 24 hourly values are generated using a sine wave function
from 0600 to 1800 and assuming the factors during the
remaining hours are 0.01; all factors summing to 1.0
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NFPET

NFROOT

NGRAV

NGROW
NHR
NHRVST
NPOINT
NPPT
NPRINT

NPT
NRATES
NSINK

NSOW
NSTOP
NSURPE
NTLEAK
NTOTAL

NUPTAK

NWATER
NYEARS

OFILE
PE

PESUB
PET

PIRRI

Option for defining PET
(1) User supplies daily PET values and DATAINH partitions it
into PE and PT based on LAI and equation by Ritchie and
Burnett (1971)
(2) User supplies daily PET values and DATAINH partitions it into
PE and PT based on the cheatgrass data of Hinds (1975)
Option for defining root growth
(1) Exponential relationship
(2) User supplies a subroutine
Orientation of the profile
(0) horizontal
(1) vertical
Growth day, starting from NSOW (units: day)
Integer indicating the hour of the day
Day of the year on which plants cease transpiring
Number of changes in the LAI relationship when LEAF =1
NPT - 1
Option for level of output
(0) daily summaries with end-of-simulation summary
(1) hourly and daily summaries with end-of-simulation summary;
limited to 15 days total because of size of output file
Number of nodes
Total number of changes in water-application rate on a given day
Flag indicating whether that plants are transpiring during the
present time step
(0) no transpiration
(1) transpiration
Day of the year on which seeds are planted
For output control
Option for surface evaporation
(0) no evaporation
(1) evaporation
Number of times the flux lower boundary condition changes during the
simulation period (if LOWER = 3)
Number of time subdivisions in a day. Normally equals 24 but can be
more if DELMAX < 1
Option for plant water uptake
(1) Sink term approximation proposed by Feddes, Kowalik, and
Zaradany (1978), requires HW, HD, and HN
(2) User supplies a subroutine
Total number of days on which rainfall or irrigation occurs
Number of years that the simulation will be repeated

Output file name

Potential evaporation for the day, equivalent to PEVAPO(IDAY) (units:
cm/day)

Hourly potential evaporation rate (units: cm/h)

Daily potential evapotranspiration, the sum of PEVAPO and PTRANS
(units: cm)

Irrigation rate (units: cm/h)
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PRAIN
PT

PTSUB
QLAST
R
RAINIF
RFACT

ROOTS
RSAVE
RUNOFF

SATURC

SATURK
SDATE
SFLUX

SMOIST

SPREV

SSFLUX
STIME
STORE
SUBE

SUBEND
SUBINF

SUBIRR
SUBRAN
SUBRUN
SUBSTP
SUBTIM
SUBTRA

TDONE
TE
TEND
TERR
TETRAN

TH

Rainfall rate (units: cm/h)

Potential transpiration for the day, equivalent to PTRANS(IDAY)
(units: cm/day)

Hourly potential transpiration rate (units: cm/h)

Flux rate imposed at the bottom boundary (units: cm/h)

Ratio of DMAXBA to DIFMAX; calculated in DELCHK and used to adjust
the time step

Factor used to reduce the time step at the start of a rain or
irrigation event

Maximum factor by which the time step can increase following a
successful time step

Total length of roots in the profile

Last value of R that was greater than 1

Runoff during a time step (units: cm)

Negative of the specific water capacity corresponding to a head of
HIRRI (units: 1/cm)

Hydraulic conductivity corresponding to a head of HIRRI (units: cm/h)
Character variable that contains the date the simulation was started
Potential surface flux during a time step, either infiltration or
evaporation (units: cm/h)

Profile moisture storage at the end of a time step and before a mass
balance check is made. Calculated as the summation of
THETA(T)*THICK(I)

Profile moisture storage at the beginning of the current DELSUB
period (units: cm)

Actual surface flux (units: cm)

Character variable that contains the time the simulation was started
Initial soil moisture storage value, TMOIST (units: cm)

Running total of evaporation during a DELSUB time period

(units: cm)

The ending time for a given time subdivision (units: h)

Running total of infiltration during the given DELSUB period

(units: cm)

Running total of irrigation during a DELSUB period (units: cm)
Running total of rainfall during a DELSUB period (units: cm)

Running total of runoff over a given DELSUB period (units: cm)
Running total of time steps during a given DELSUB period

Running total of actual simulated time (units: h)

Running total of transpiration over a given DELSUB period

(units: cm)

Time that has been simulated in a day (units: h)

Running total of total yearly evaporation (units: cm)

Ending time of the current water-application rate (units: h)
Mass-balance error at the end of the simulation (units: cm)
Running total of evaporation on days when transpiration occurs
(units: cm)

Temporary storage for THETA(I)
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THD
THDIF

THMAX
THN
THTR
THW
TINF
TITLE
TLEFT
TMOIST

TORT
TOTALR

TPE

TPET
TPREV

TPT
TRAIN
TRANSP
TRUNOF
TSOIL
TSTART
TSTOP
TSTP
TSUB
TTIM
TTIRRI
TTRA
up

UPPER

VAPCOE

VAPDEN
VAPDIF

Short version of THETAD(MAT(I))

Fractional change in THETA for a given node over a time step; used to
control the time step

The maximum of THETA and TTHETA; used to calculate THDIF

Short version of THETAN(MAT(I))

Residual water content, used in Haverkamp moistyre gharacteristic

description (Haverkamp et al. 1977) (units: cm”/cm”)

Short version of THETAW(MAT(I))

Running total of yearly infiltration (units: cm)

Character variable containing the problem title from the input file
{1me 1eft)unti1 the end of the next time period or flow-rate change
units: h

Profile moisture storage at the end of a successful time step and the

end of the day, referred to as STORAGE in the output (units: cm)

Pore tortuosity, used when IVAPOR =1

Total water application amount (as it is input) for the day

(units: cm)

Running total of yearly potential evaporation during non-infiltration

periods (units: cm)

Running total of daily PET values (units: cm)

Profile moisture storage (TMOIST) of the previous day, referred to as
PRESTOR in the output (units: cm) _

Running total of potential transpiration during non-infiltration
periods (units: cm)

Running total of daily rainfall as applied to the surface (units: cm)
Transpiration rate (units: cm/h)

Running total of daily runoff amounts (units: cm)

Average soil temperature (units: °K)

?tarting gime of the first rainfall/irrigation event for that day
units: h

%topping gime of the last rainfall/irrigation event for that day
units: h

Running total of time steps taken since the beginning of the
simulation, obtained by summing NTSTEP values at the end of each day
Running total of time completed in a given DELSUB loop (units: h)
Running total of actual time simulated (units: h)

Running total of daily irrigation as applied to the surface

(units: cm)

Running total of daily transpiration (units: cm)

Upstream weighting factor for estimating the conductivity at nodal .
midpoints, used when KEST = 2
Flag that indicates the surface boundary condition; it can change
while in the predictor-corrector loop

(0) flux

(1) constant head

Combination of variables used in vapor flow calculations (units:
cm/h)

Saturated vapor density at the soil temperature TSOIL éunits: g/cm
Diffusion coefficient of water vapor in air (units: cm¢/s)
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WATDEN
WCOMPR
WINDEX

1
ZK1
IK2
IN
INN
ZNNN
17K1
17K?2
71
11
7111
131

Density of water at the soil temperature TSOIL (units: g/cm3)
Compressibility of water, found in POLYCH (units: 1/cm)
Index of water-application day

Shortened version of ZZ(I)

Part of the solution matrix
Part of the solution matrix
Part of the solution matrix
Part of the solution matrix
Part of the solution matrix
Part of the solution matrix
Part of the solution matrix
Part of the solution matrix
Part of the solution matrix
Part of the solution matrix
Part of the solution matrix

8.2.2 Arrays

AIRINK
AIRINT
AMOUNT
Al
A2
A3

C
cC

CREGKH

CREGTH

DAYQ
DAYSNK
FLAI
FPET

GGMOD
GMOD

H
HH

IHY

Air entry pressure of the conductivity function (units: cm)

Air entry pressure of the soil moisture characteristic (units: cm)
Water-application amount (units: cm)

Part of the solution matrix

Part of the solution matrix

Part of the solution matrix

Negative of the present specific water capacity (units: 1/cm)
Negative of the specific water capacity at the end of the previous
time step (units: 1/cm)

Regression coefficients for polynomials used to describe the
hydraulic conductivity, KEST = 1

Regression coefficients for polynomials used to describe the soil
moisture characteristic, KEST =1

Running total of fiux amounts between nodes during the day
(units: cm)

Running total of the sink terms for each node during the day
(units: dimensionless)

Leaf area index on the corresponding NGROW day
Hourly PET distribution factors

Value of GMOD at the end of the last successful time step
Ratio of liquid conductivity to total conductivity when IVAPOR = 1

Present soil moisture pressure head value (units: cm)
Soil moisture pressure head value at the end of the previous time
step (units: cm)

Array containing all of the soil hydraulic property data
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“

KV

MAT
NDEGKH
NDEGTH
NGROW
NQLEAK
NSUBKH
NSUBTH
NTROOT

PEVAPO
PTRANS

Q
QLEAK

RATE
RDF
RTIME
SINK
SK
SLOPKH
SLOPTH
SUBQ
SUBSNK
THET
THETA
THETAD
THETAN
THETAW
THICK

TQ
TTHETA

Vapor conductivity when IVAPOR = 1 (units: cm/h)
Identifies the soil material of the specified node

Number of polynomial coefficients for describing hydraulic
conductivity in POLYKH

Number of polynomial coefficients for describing the moisture
characterisitic in POLYCH and POLYTH

Day of the year on which the LAI is changed to the corresponding FLAI
value (units: day)

Day on which the bottom boundary flux is changed to the corresponding
QLEAK value (units: day)

Number of polynomials used to describe hydraulic conductivity in
POLYKH

Number of polynomials used to describe the soil moisture
characteristic curve in POLYCH and POLYTH

Growth day on which roots reach the given node

Potential evaporation rate for the day (units: cm/day)
Potential transpiration rate for the day (units: cm/day)

Flux amounts between nodes for each DELSUB period (units: cm)
Bottom boundary flux on the corresponding NQLEAK day (units: cm/day)

Rate of rainfall for rainfall event IR (units: cm/h)
Root-density function (units: 1/cm)
Time of day when the water-application rate changes (units: h)

Rate of water removal by plants from a given node (units: 1/h)
Saturated hydraulic conductivity (units: cm/h)

Linear slope between the conductivity values at heads of zero and
airentry; used in POLYKH (units: 1/h)

Linear slope between the water content at heads of zero and airentry;
used in POLYCH and POLYTH (units: 1/cm)

Running total of flux amounts between nodes during the present DELSUB
period (units: cm)

Hourly summary of sink term for each node (units: dimensionless)
Saturated water content uni s cm3/cm3)

Water content (units: cm”/cm”)

Water content be]ow wh1ch roots will re@ove water at less than the
optimum rate (if NUPTAK = 1) (units: /cm

Water content above which anaerobic cond1t1ons exist ag
will be withdrawn by p1ants (if NUPTAK = 1) (units: /cm?)
Water content below whg Soots will not withdraw water (if
NUPTAK = 1) (units: /cm®)
Node thickness (un1ts cm)
Yearly summary of flux amounts (DAYQ) between nodes (units: cm)
Sog g1sture content at the end of the previous time step (units:
cm®/cm”)
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WQLEAK
XDIVKH
XDIVTH

z

ZK
ZKMID
Y

.7
ZZK

ZZKMID

Specified bottom boundary flux when LOWER = 3 (units: cm/day)

Upper head 1imit to range of head values where the given hydraulic
conductivity polynomial is valid (units: cm)

Upper head 1imit to range of head values where the given moisture
retention polynomial is valid (units: cm)

Depth of node below the surface (units: cm)

Hydraulic conductivity (units: cm/h)

Hydraulic conductivity at the midpoint between nodes (units: cm/h)
Part of the solution matrix

Distance from node I to node I+1 (units: cm)

Hydraulic conductivity at the end of the previous time step
(units: cm/h)

Hydraulic conductivity at the midpoint between nodes at the end of
the previous time step (units: cm/h)

8.2.3 Parameter Constants

LUB
LUI
LUR
LUS

M1

Logical unit for binary output
Logical unit for binary input
Logical unit for interactive input
Logical unit for interactive output

Dimension of node arrays

8.2.4 Functions and Subroutines

DATE
DELCHK

FUNED

MYHRY

POLYCH
POLYKH
POLYTH

RHO

TIME
TRIDAG

Function that returns the date (specific to VAX FORTRAN)
Subroutine to adjust the time step

3) at the

Function that returns the saturated vapor pressure (g/cm
given temperature (°K)

Subroutine to calculate 24 hourly values (which sum to 1,0) for
partitioning daily PET into hourly PET values

Subroutine to calculate specific water capacities
Subroutine to calculate hydraulic conductivities
Subroutine to calculate water contents

Function to calculate the root density

Function that returns the time (specific to VAX FORTRAN)
Subroutine containing the matrix solver
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APPENDIX A

MODEL DEVELOPMENT AT THE HANFORD SITE

The development of unsaturated flow models at the Hanford Site has been
driven by both changes in the applications (i.e., different flow problems) and
the need for more detailed solutions to complex flow problems. There is cur-
rently a need at the Hanford Site for models that can predict rates of natural,
precipitation-induced recharge.

The amount of precipitation that eventually becomes recharge is determined
largely by the soil hydraulic properties and the surface-evapotranspiration
condition. A wide spectrum of surface-evapotranspiration conditions exists at
the Hanford Site, ranging from the free-water surfaces on evaporation ponds, to
the unvegetated gravel surfaces at many waste-storage sites (e.g., tank farms),
to well-vegetated soil surfaces (e.g., shrub-grass communities). As shown in
Figure A.1, for the average soil type at the Hanford Site, annual water-balance
considerations indicate that the amount of recharge to be expected at these
sites varies widely. At evaporation pond sites, recharge to the water table
can occur at rates exceeding several meters per day. In contrast, natural
recharge occurs at rates measured in centimeters per year. In addition,
natural recharge rates at various sites are strikingly different, ranging from
12 cm/y or more for the gravel-covered soil sites under normal precipitation
conditions, to near zero for the shrub-grass community sites.

Clearly, there is a wide range of surface conditions at the Hanford Site
that must be carefully documented to allow us to describe recharge, and thus
the potential for ground-water contamination, at any given site. Therefore, to
assess present or predict future natural recharge rates, the models that are
developed must be able to simulate the dynamic flow processes that are operat-
ing at the soil surface, specifically the transient processes of precipitation,
evaporation, and transpiration. This is particularly true for arid-site
recharge such as occurs at the Hanford Site where small changes in surface
characteristics can have a pronounced effect on the recharge rate.
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FIGURE A.1. Effect of Surface Conditions on Recharge at Hanford

A.1 EVOLUTION OF MODELING

The development of unsaturated flow models for assessing water flow path-
ways and rates at the Hanford Site started in the 1960s. The first applica-
tions of such models were to describe flow beneath storage ponds, cribs, and
canals, and leaks from tanks used to store high-level waste. These applica-
tions required a multidimensional analysis of flow deep within the soil pro-
file. Therefore, the emphasis in model development was on properly accounting
for soil water redistribution and multidimensional flow patterns. Models
developed during this period were recognized as being very advanced for their

day by the scientific community. Necessary simplifications in the conceptual
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model of the system were justified because of the specific applications being
examined at the time. For example, the models did not include surface proc-
esses such as precipitation, evaporation, and transpiration because water flow
associated with these processed was judged to be of 1ittle consequence compared
to the amount of water flowing from the ponds, cribs, or tanks.

In the development of these early models, virtually no attention was given
to modeling natural, precipitation-induced recharge because it was assumed to
be zero. Controversy over the issue of natural recharge dominated model
development in the 1970s and early 1980s. As a result, the emphasis in model
development shifted to understanding the flow of water entering the soil from

natural precipitation rather than from the disposal of liquid wastes.

In the 1970s, the models developed to describe natural recharge were new
models, not just modifications of models developed in the 1960s. Natural
recharge was generally viewed as a one-dimensional process, so these new models
were actually less sophisticated than earlier ones in that respect. Attempts
were made, however, to include more detailed analyses of the physical processes
involved in natural recharge. Models from the 1970s emphasized such processes
as two-phase flow of air and water and water-vapor flow, as well as included
the effect of temperature gradients on the flow of water. Nevertheless, these
models still neglected the importance of an adequate description of surface
processes, such as evaporation and transpiration. Models developed during the
1970s are inadequately documented and have not played a significant role in
current model-development efforts.

In the late 1970s and early 1980s, model development ceased to involve the
generation of new codes. Instead, emphasis was placed on adapting existing
codes that were already documented and accepted in the literature. A great
deal of emphasis was also placed on field experiments designed to illustrate
the important processes that a model should include, and field experiments able
to generate experimental data that could be compared to model predictions to
test the effectiveness of the models used.

Table A.1 is a 1ist of models that have been used to model unsaturated
flow at the Hanford Site. In the following sections, each model is discussed
relative to its intended purpose, its credibility, and its availability.
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TABLE A.1,

Unsaturated Flow Models Used at the Hanford Site to Assess Recharge

Models Dimensions Use/Features Reference(s)

STEADY 2 Recharge from Ponds and Nelson and Reisenauer,
Canals (steady-state 1961; Nelson 1962;
moisture profiles) Reisenauer 1963; Nelson

and Reisenauer 1963;
Reisenauer and Nelson
1963; Reisenauer, Nelson,
and Knudsen 1963; Nelson
1964.

PST 2 Recharge from a Tank Leak Reisenauer et al, 1975,
(redistribution, drainage)

MPHASE 1 Natural Recharge (evapo- Finlayson, Nelson, and
ration, redistribution, Baca 1978.
drainage)

SEMTRA 1,2 Natural Recharge (evapo- Baca, King, and Norton
ration, redistribution, 1978; Jones et al. 1981.
drainage)

FEMTRA 2,3 Recharge from Water Sisson and Lu 1984
Injection (redistribution,
drainage)

UNSAT 1 Natural Recharge (evapo- Gupta et al. 1978; Gee and
ration, transpiration, Kirkham 1984; Jones,
redistribution, drainage) Campbell, and Gee 1984

UNSAT-H 1 Natural Recharge (evapo- Fayer and Gee 1985; Fayer
ration, transpiration, et al. 1985,
redistribution, drainage)

UNSAT?2 2 Natural Recharge (evapo- Neuman, Feddes, and
ration, transpiration, Bresler 1974; Davis and
redistribution, drainage) Neuman 1983; Fayer et al.

1985.
A.1.1 STEADY

In the early 1960s, the need at the Hanford Site was to assess water flow

from canals or ponds to the water table.

The tool developed for that purpose

was STEADY, described by Reisenauer (1963) as a combined saturated-unsaturated,

steady-state, multidimensional model of water flow.

Reisenauer's 1963 paper,

in which he presented the model and methodology developed at the Hanford Site,
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won the Robert E. Horton Award for the outstanding contribution to the advance-
ment of the science of hydrology during 1963. The theory and documentation for
STEADY are found in Nelson (1962) and Reisenauer, Nelson, and Knudsen (1963).

Steady-state flow analysis assumes a constant source input, which means
that convergence and stability are almost always guaranteed. Examples of
steady flow from a ponded surface through both homogeneous and layered soils to
the water table are presented by Reisenauer (1963). Other examples using
STEADY to simulate the flow of water from trenches to the ground water and
later to the river are presented in subsequent papers (e.g., Reisenauer and
Nelson 1963; Nelson 1964). In all of these cases, evaporation, transpiration,
and precipitation were considered to be zero. Although it was a major advance
in hydrology at the time, the STEADY model has not been used since the 1960s
because it cannot solve transient flow problems.

A.l1.2 PST

Tank leaks and pipeline ruptures result in pulse applications of liquid to
the soil. The Partially-Saturated Transient flow model (PST) was developed to
assess the redistribution and drainage in the unsaturated zone that result from
these finite pulses. The theory and numerical implementation of PST are des-
cribed by Reisenauer et al. (1975), but there is no formal documentation of the
model. Initial attempts to use PST to evaluate a specific tank leak problem
required such excessively long computational times that the use of PST for
modeling tank leaks was abandoned. Attempts to use the model for other pur-
poses met with mixed success. The major problems centered on the infiltration
of water into dry soils and the resultant computational difficulties [an excel-
lent discussion of this problem is presented by Finlayson, Nelson, and Baca
(1978)]. The PST code was never formally verified nor was there ever any
success at matching model results with field data. For these reasons, the use
of the PST model was soon discontinued.

A.1.3 MPHASE

The first investigation into the theory and techniques of modeling natural
recharge under Hanford Site conditions was reported by Finlayson, Nelson, and
Baca (1978). Although not found in the final document, the name MPHASE
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appeared in preliminary drafts and was intended to indicate that the model
could simulate nonisothermal, multiphase flow. MPHASE was developed as an
experimental code to investigate the complexities of unsaturated flow in arid
soils. Based on numerical experiments, the authors selected a finite-
difference scheme with upstream weighting to handle the extreme nonlinearities
that are associated with such processes such as infiltration into dry soil.

Model results were compared with field data from the open-bottomed
lysimeter located in the 200 Area and, according to Finlayson, Nelson, and Baca
only qualitative agreement was obtained. In fact, the match was quite poor.
The model underpredicted total water storage by more than 10 cm at two times
(February and April 1974) and over-predicted, by a similar amount, a profile
monitored just a few months later (June 1974), Finlayson, Nelson, and Baca
indicate that the code could produce stable results for only a few of the test
cases. These results, together with the lack of a plant water uptake algorithm
and, most importantly, the lack of published documentation, are reasons why the
MPHASE code is not currently used for predicting recharge rates for Hanford
Site conditions.

A.1.4 SEMTRA

Realizing the need to analyze natural recharge on the Hanford Site, Baca,
King, and Norton (1978) developed the Simultaneous Energy and Moisture TRans-
port Analysis model, SEMTRA, which provides nonisothermal flow capabilities
similar to MPHASE. The theory and governing equations are discussed by Baca,
King, and Norton, but the model has never been formally documented. Two model
verification tests were conducted by Baca, King, and Norton. In the first
test, analytical solutions from Gibbs and Baca (1978) for both temperature and
water-content profiles were compared with model results and showed apparent
agreement. In the second test, isothermal infiltration data from van Genuchten
(1978) were successfully simulated.

Baca, King and Norton (1978) conducted simulations of the 200-Area open-
bottom lysimeter for the period from November 1974 through March 1975.
Although most of the simulated moisture profile matches the data on several
dates, this result is of little value because the time period simulated was too
short. During the 5-month period that was simulated, most of the moisture
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profile changes were occurring in the top meter of soil, and it is in this zone
that Baca, King, and Norton acknowledge "significant discrepancies" between
simulated and measured moisture contents. As they point out, the lack of
agreement for the top meter of the lysimeter could be the result of an
inappropriate surface boundary condition (the evaporation algorithm was not
described in their report). Baca, King, and Norton also simulated the heat
balance of the lysimeter, but no temperature data were available for
comparison,

The SEMTRA model should be applicable to sites that are bare of vegeta-
tion. However, it is expected that plants will cover all waste sites eventu-
ally. The SEMTRA model was not designed to handle plant water uptake, an
important mechanism for water loss from desert soils. Because it lacks a plant
water uptake capability, and because it lacks formal documentation, the SEMTRA
model is not currently in use.

A.1.5 FEMTRA

According to Sisson and Lu (1984), the Finite Element Model for TRAnsport
(FEMTRA) was developed to analyze buried liquid discharges such as tank leaks.
Although there is no formal documentation of the model, Sisson and Lu report
that FEMTRA is a multidimensional version of the SEMTRA model. One verifica-
tion test has been made by comparing two- and three-dimensional model solutions
with an analytical solution for a buried point source (Warrick 1974). For
short times (up to 3.84 h) after injection, the match of moisture contents
between analytical and numerical solutions was reported by Sisson and Lu (1984)
to be satisfactory.

In a validation exercise, the liquid-flow portion of the model was tested
with field data obtained from an injection test performed in the 200 Area at
the Hanford Site. Because no onsite soil characterization data were available,
soil data were selected from samples taken about 8 km away. Model-predicted
moisture profiles at several depths for four injection tests were compared with
measured data. Close to the injection point, the match between simulation and
data was good, but further from the injection point, the match was less satis-
factory. Sisson and Lu noted that the lack of important site characterization
data on both soil properties and layering sequences yielded results that may
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have been fortuitous. Therefore, it is unclear whether simulating their
experiment was a good test of the FEMTRA model. For the model to be tested
further for use in analyzing deep unsaturated-flow problems, FEMTRA will have
to be documented.

For tank leaks and similar transient-flow problems deep within the
unsaturated zone, the FEMTRA model may provide adequate solutions. However,
the injection test did not demonstrate FEMTRA's ability to simulate the impor-
tant process of evaporation, necessary in simulating natural recharge. Also,
the model does not have the ability to simulate plant water uptake. For these
reasons and because of the lack of model documentation, FEMTRA is not currently
in use for modeling natural recharge.

A.1.6 UNSAT and UNSATLD

Gupta et al. (1978) developed the one-dimensional, isothermal, unsaturated
flow model UNSAT for agricultural applications, specifically to simulate water
and nitrogen transport under irrigated conditions. This model is applicable to
a wide variety of unsaturated flow situations and has several options for des-
cribing plant water uptake and evaporation processes. Gupta et al. (1978)
documented UNSAT and presented a number of applications of it to various drain-
age and crop growth experiments. The UNSAT1D model, which was documented by
Bond, Cole, and Gutknecht (1984), is conceptually the same as UNSAT. The major
differences between the two models are the input formats and the fact that
Bond, Cole, and Gutknecht (1984) included a number of auxiliary programs to
process input and output data. Verification tests of UNSAT1D were performed by
Simmons and Cole (1985) in which comparisons of infiltration, evaporation,
drainage, and redistribution processes were made between numerical simulations
reported by Hillel (1977) and simulation results using UNSAT1D. The results of
these comparisons indicated agreement between the models, suggesting that the
mathematical equations describing flow in the unsaturated zone are adequately
coded in UNSATID (and by inference, in UNSAT). The UNSAT model was first used
at the Hanford Site in the late 1970s to evaluate water flow in the 300-Area
lTow-level waste sites (Gee and Simmons 1979). Since that time, the UNSAT1D
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version has been used to assess natural recharge under bare and grass-covered
sites (Jones, Campbell, and Gee 1984; Gee and Kirkham 1984). Appendix B
contains a discussion of these efforts.

Aol 07 UNSAT-H

Predicting recharge at the Hanford Site required an unsaturated flow model
more attuned to arid sites than UNSAT. Therefore, the UNSAT-H model was
created by modifying UNSAT to include both isothermal vapor flow and a function
representing plant water uptake (i.e., cheatgrass transpiration) specific to
the Hanford Site. These and other changes to UNSAT were documented by Fayer
and Gee (1985). Sections 3.0 and 4.0 of this report detail the water-flow
theory and finite-difference equations used in UNSAT-H, Section 6.0 describes
the input parameters required for the model.

Because the models are closely related, UNSAT-H benefits from the UNSAT
and UNSAT1D verification tests that were performed to l1ook at infiltration,
redistribution, and drainage processes. A verification test of UNSAT-H was
reported by Fayer and Gee (1985) and is reproduced in Section 7.1, demonstrat-
ing that UNSAT-H simulations of infiltration are comparable to both numerical
(Haverkamp et al. 1977) and analytical (Philip 1969) results from the
literature.

The UNSAT-H model has been used to analyze recharge beneath the protective
barriers for the Hanford Defense Waste Technology Development Program (Fayer et
al. 1985)., An example application of UNSAT-H to measured field data from the
200-Area closed-bottom lysimeter is presented in Appendix B of this report.

The UNSAT-H model is currently the only fully documented model in use at the
Hanford Site for analyzing natural recharge. Although tailored to the Hanford
Site, this model has enough general features to be useful for application at
other arid sites (e.g., Idaho, Nevada) where the plant cover effects on
evapotranspiration have been estimated or measured.

A.1.8 UNSAT2

For some situations deep beneath the soil surface, soil flow paths may not
be strictly vertical because of either layering sequences or the presence of a
protective barrier overhead. The UNSAT2 model, which is not related to UNSAT,
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UNSATID, or UNSAT-H, is a two-dimensional, isothermal, saturated-unsaturated
flow model (Neuman, Feddes, and Bresler 1974) that can be used to analyze flow
in such situations. In addition, UNSAT2 can simulate the important surface
processes of evaporation and transpiration. Davis and Neuman (1983) documented
the model and presented two comparisons with laboratory data. In these tests,
the authors demonstrated that laboratory data for infiltration and redistribu-
tion could be successfully simulated with UNSAT2. However, these applications
concerned very wet soil systems. How well the code operates for dry soil
conditions remains to be tested.

The UNSATZ2 model has been used to evaluate water flow as it occurred in
two dimensions around a protective barrier (Fayer et al. 1985). 1In that
exercise, the evaporation and transpiration algorithms were not utilized.
Instead, constant upper-boundary fluxes (i.e., recharge rates) were assumed.
Fayer et al. found that the UNSATZ model was able to describe flow when the
soil had uniform properties hut could not be used for layered soil conditions.
That inability to model the barrier under the conditions at the Hanford Site
(i.e., layered soil) resulted from two specific problems. First, the number of
nodes that can be simulated is limited to about 1000 because of the amount of
output per output cycle and the 1imitations of the machine (VAX 11/780). This
reduces the level of detail that can be used to analyze a particular flow
region. The second problem is related to changes in the time step, which can
only be done by stopping and restarting the program. Simulations of long
periods of time can require many time-step changes and thus frequent interrup-
tions by the code operator. Because of the these problems and others, this
code would require modification to make it more useful for solving unsaturated
flow problems for the Hanford Site.

A.2 PRESENT MODELING STATUS

A variety of models have been used at the Hanford Site during the past 25
years to evaluate water movement in the unsaturated zone. Of the models devel-
oped to predict natural recharge, some have focused on phenomena deep within
the soil, such as two-phase flow and geothermal gradients, while others have

focused on surface processes. The current consensus on model development at
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the Hanford Site is that a correct description of the surface processes of
evaporation and transpiration is the first priority in the development of
water-balance models for the Hanford Site. These processes dominate the
various factors that determine the amount of recharge at a given site. Next
in importance after a description of evaporation and transpiration is the
description of such processes as vapor flow and coupled heat and water flow.
Analyses of these processes can proceed concurrently with development of
evaporation and transpiration models.

In assessing waste-management practices at the Hanford Site, only credi-
ble, fully documented models should be used. Such full documentation estab-
lishes the current state of modeling, enables outside researchers to easily
review the work, and gives us a base from which to proceed with further model
development. Currently, the only models that meet the documentation criterion
are UNSAT-H and UNSAT2. Not only are both models fully documented, they also
simulate the major processes that affect the water balance, and they have
already been used for Hanford Site analyses.

The UNSAT-H model, which is strictly one-dimensional, is suitable for
evaluating the effects of evaporation and plant water uptake on annual recharge
rates. The UNSAT-H model and its precursors have a long history of verifica-
tion and use that gives us some assurance that UNSAT-H is correctly coded in
the computer.

The UNSAT2 model, which is two-dimensional, can be used to evaluate the
effects of evaporation, plant water uptake, and water flow in complex geome-
tries, but its operation has not been completely satisfactory. An enhanced
capability for modeling multidimensional water flow under Hanford Site con-
ditions is needed.

To simulate the flow regime within complex geometries requires a large
number of nodes. To expect one model (e.g., UNSAT2) to handle both the surface
processes and the subsurface flow field complexities may be an overextension of
modeling capabilities. A preferred method is to use models such as UNSAT-H to
calculate recharge rates, which then serve as input to multidimensional models
that are designed to analyze subsurface unsaturated flow in complex geometries.
Thus the surface and subsurface processes would both be modeled well.
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Nevertheless, UNSAT-H must undergo validation testing (as described in
Appendix B) to establish its level of credibility for predicting recharge rates
at the Hanford Site. In addition, if UNSAT-H is to be used for predicting
long-term recharge rates, the conceptual model underlying UNSAT-H may need
further revision (as discussed in Section 3.0). Therefore, the present form of
the UNSAT-H model should be viewed not as a final product but as a good base
from which further model development can occur.
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APPENDIX B

MODEL VALIDATION: AN ASSESSMENT OF CREDIBILITY

Computer models that describe the flow of water in unsaturated soils are
under development as part of the Hanford Site Performance Assessment program.
These models constitute some of the tools that will be used at the Hanford Site
to evaluate waste disposal options, demonstrate disposal system safety, and
demonstrate compliance with applicable regulations. Therefore, it is important
to show that these models are valid representations of the real world, and that
they can be used successfully to give some indication of future behavior.
Regulators, decision makers, and the public must have some assurance that the
models are correct (on some level) in their predictions. For example, the
Nuclear Regulatory Commission (NRC), in the rule governing the siting of low-
level waste sites (Radiation Protection Programs 1982), requires that models
used in performance assessments give a "reasonable assurance" that their pre-
dictions are correct. Therefore, in the model development effort, there should
be a strong commitment to demonstrating model credibility.

Establishing the credibility of a model is accomplished in two stages. In
the first stage, called "verification," the model is checked for implementation
errors (e.g., wrong units, improper coding). This checking is usually accom-
plished by comparing model predictions with analytical solutions to a known
problem or with solutions predicted by another model that has already been
verified. Verification is a necessary process that should be performed before
a model is used for any purpose. The second stage in establishing model credi-
bility is “validation," in which model predictions and experimental data are
compared. In this manner, the validity of the conceptual model (which includes
site characterization) of the system being simulated is tested.

In a recent report on code selection guidelines, Simmons and Cole (1985,
p. 2.28) state that "A validation should be performed to test a code's ability
to simulate specific processes, as observed in an actual system under con-
trolled experimental conditions." They note that validation is not an attempt
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to test fundamental laws and equations of water flow. Furthermore, Simmons and
Cole (1985, p. 2.29) state that "...a model can only project the possible
future system behavior, provided all dominant factors are accounted for and
actual system attributes (processes and parameters) are not modified in time

(i.e., geologic and geochemical permanency)."

Construction of a modeling tool for performance assessment requires a
number of steps. As conceived by Simmons and Cole (1985), these steps can be
arranged in the manner illustrated in Figure B.1. Steps 8 and 9 represent
model validation. In practice, model validation may include the process

Compare @ @ Define

Site Modeling
Objectives

Collect and
Analyze

Conceptual
Model

Formulate
and Revise

Computer
Codes and
Coupling Plan

Couple @ @ Select

FIGURE B.l. Steps in Constructing and Validating a Model for Performance
Assessment (after Simmons and Cole 1985)
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of "calibration" in which some input parameters are adjusted until the match
between model predictions and measured data meets the modeling objectives. The
rationale behind calibration is that there is a level of uncertainty in some of
the input parameters, such as that caused by heterogeneity in soil hydraulic
properties. If the match between predictions and measured data does not meet
the modeling objectives specified in step 1, the input parameters are adjusted
(the model is calibrated) until agreement is reached (i.e., the match meets the
objectives). If agreement cannot be reached, or if agreement can be reached
but the parameters as adjusted are outside the range of acceptance, then the
model user must return to the conceptualization stage to revise the model or
the site characterization (input data). If, after repeated passes through the
calibration loop, the model user is unsuccessful at satisfying the modeling
objectives, the model user should return to step 1 and reassess the overall
objectives. If agreement can be reached and the parameters are within an
acceptable range, then the model can be said to be validated for that system or
application. When validation occurs, the model attains a higher degree of
credibility than models that have not been validated for a similar system.

Enhancement of model credibility is certainly possible. A model that has
been validated with three different data sets has a greater level of credi-
bility than a model validated for only one data set. In a sense, therefore,
model validation is a process rather than a single event; it is the process of
establishing and building trust in the ability of a model to predict the
behavior of a system. As a model is used and refined, it becomes more credible
in making predictions. When the time comes to apply the model to a situation
similar to one(s) for which the model has been validated, the model user has
the assurance that the model will perform with some degree of reliability. It
is up to the model user to decide what level of model reliability is needed for
a particular task.

Historically, unsaturated flow modeling at the Hanford Site has focused on
steps 3 through 7 of Figure B.l, which run from model conceptualization to
computer coding and verification. Less attention has so far been focused on
modeling objectives (step 1), characterization data (step 2), and model
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validation (steps 8 and 9); yet it is these steps which will ultimately be used
to establish the level of model credibility. A discussion of steps 1, 2, 8,
and 9 in relation to modeling natural recharge at the Hanford Site follows.

B.1 OBJECTIVES

At the Hanford Site, the major objectives of the unsaturated-flow modeling
effort are 1) to estimate present recharge rates, 2) to estimate future
recharge rates given different conditions, and 3) to assist in design of waste-
disposal structures intended to 1imit recharge (e.g., protective barriers).
Recharge is considered to be the net downward flux of water at some depth below
which evapotranspiration cannot cause upward migration of the water. Estimates
of present recharge rates will be used to assess the transport of contaminants
from waste sites to the ground water (which eventually reaches the Columbia
River). Estimates of future recharge rates under different conditions, such as
climatic change, plant community succession, or changing surface conditions,
will aid in assessing future risk. Knowing the future risk will aid in deter-
mining when and where mitigating procedures can be practiced today to lower
that future risk. Finally, model estimates of recharge will bhe used to help
select a preferred bharrier design.

Having established recharge rate estimation as the principal objective of
unsaturated zone modeling (step 1 of Figure B.1), the next step in the valida-
tion process is to establish the criterion by which this objective will be met.
The criterion should be a chosen level of accuracy in the recharge estimate.
That level will depend on the use to which the recharge rates will be put. The
most stringent requirement for accuracy will probably be for transport analy-
ses. The accuracy requirement for design analysis, in which relative recharge
rates are used, should be less stringent.

The accuracy required of the model can be estimated using relationships,
such as those shown in Figure B.2, in which travel times have been plotted for
various soils and recharge rates. In this example, travel time is the time it
would take for water to travel from the vicinity of a waste form in the
unsaturated zone to a water table located 64 m below. .
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Another example useful for setting an accuracy criterion is the transport
analysis work done for the U.S. Department of Energy (1986). In that work,
recharge through the protective barrier was assumed to be zero. Therefore,
beneath the barrier, transport of waste was modeled strictly as a diffusion
process, a process with extremely long travel times. However, recharge rates
through the barrier as low as 0.1 cm/y are sufficiently large that advective
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transport would be significant; hence travel times would be much shorter. To
answer the question of whether advection can be neglected in the analysis may
require that the model prediction of recharge through the barrier be accurate
to within 0.1 cm/y.

One factor that may determine the accuracy criterion of the modeling
objective a priori is the data source. If model validation must be conducted
with data collected previously, the accuracy of that data will set the model's
accuracy limits. If validation is to he conducted with data to be gathered in
the future, the data collection effort can be designed with the desired model-
accuracy goal in mind.

B.2 DATA CRITERIA

When designing data collection and analysis efforts for model validation
purposes (step 2 of Figure B.l), a set of accuracy criteria for the measured
data must be established consistent with the model ohjectives. 1In other words,
the water balance components (&AW, P, E, T, and D) of Equation (3.1) and the
state of the system (e.g., the moisture distribution in the profile) must be
known and simulated with equal accuracy. For some cases, Equation (3.1) can be
simplified to focus on a particular water-balance component. For example,
bare-surface weighing lysimeters that are not drained can be used to study the
evaporation process. In this situation, Equation (3.1) reduces to E = P - AW;
T and D are zero. Lysimeter data thus provide an opportunity to test evapora-
tion subroutines and assure ourselves that we can model evaporation with some
level of credibility. This same process can also be used to study each water
balance component.

For the model to simulate the water balance components, additional data
rust be provided; these include precipitation data as well as the meteorolog-
ical data necessary to calculate evaporation. When plants are part of the sys-
tem, the model must bhe provided with data on the type of plants, area covered,
rooting depth, and mechanisms for plant response to the environment. These
additional data must also be sufficiently accurate to satisfy the accuracy

criteria.
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The data collection effort will necessarily involve spatial and temporal
discretizations. For some parameters, the correct discretization may not be
known in advance. For instance, how often should storage in deep lysimeters be
measured in a year? This is where model-validation efforts can guide data col-
lection. As validation proceeds, the model may be shown to be sensitive to how
often certain parameters are measured. In the case of deep lysimeter storage,
the data-collection schedule can be adjusted to provide the needed level of

temporal detail.

B.3 COMPARISONS OF MODEL PREDICTIONS AND FIELD DATA

Simulations using UNSATLID, a code which is related to UNSAT-H (see
Appendix A), have been compared with Hanford Site data. Until 1986, there had
been no formal comparisons of UNSAT-H simulations and Hanford Site data (steps
8 and 9 of Figure B.1). In this section, we will briefly review two simulation
efforts using UNSATID and present an example comparing UNSAT-H simulations with
the 200-Area data set. In all three cases, no quantitative criteria were
established with which to judge the comparison.

B.3.1 BWTF South Caisson

Jones, Campbell and Gee (1984) used UNSATID to simulate a l-year data set
from the south caisson at the BWTF. That caisson is 7.6 m deep and 2.7 m in
diameter. The measured water balance components [see Equation (3.1)] were
precipitation and change in storage. They estimated drainage to be between O
and 3 cm based on drainage data collected after the period simulated. Evapor-
ation was unknown (there were no plants and thus no transpiration). Because of
the uncertainty in drainage amount, Jones, Campbell and Gee could make only
qualitative comparisons between model and data. They simulated 1 c¢m of drain-
age compared to their estimate of between O and 3 cm. Of equal importance,
however, was their study of rainfall distribution variations between the HMS
and the BWTF. When they used the HMS precipitation data, the model simulated
1.4 cm more evaporation than when they used the BWTF data (15.8 versus 14.4 cm,
respectively), even though the HMS had only 0.5 cm more precipitation. This
result illustrates the potential for loss in accuracy for just a l-year period

when offsite precipitation data are used.
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B.3.2 300-Area Grass Site

The other previous attempt to simulate Hanford Site data was by Gee and -
Kirkham (1984). They simulated both a 9-month and an 18-month set of data col- '
lected from the 300-Area grass site. The measured water-balance components
were precipitation and change in storage. By assuming there was no net upward
flux of water at the 1-m depth, they estimated that drainage at the site was
8.5 cm during a 9-month period (March to December 1983). Evaporation and
transpiration were unknown. For the time period from January to October 1983,
the model simulated 5 c¢m of drainage when a simplified soil description was
used and only 3.5 cm of drainage (January to December 1983) when a more
detailed soil description was used. The differences in model predictions
emphasize the effects of soil layering on the final results. The underpredic-
tion of drainage may have been the result of both incomplete characterization
of the soil hydraulic properties and use of an uncalibrated transpiration
function.

B.3.3 200-Area Closed-Bottom Lysimeter

As an example of how previously collected data sets can still be useful,
we used UNSAT-H to simulate the 200-Area closed-bottom lysimeter. A summary
description of this facility is provided by Hsieh, Brownell, and Reisenauer
(1973). Data from the closed-bottom lysimeter consist of a 14-year (1972 to
1985) record of the moisture dynamics under a specific set of conditions. As
discussed in Section B.2, the paucity of plant data from this site precludes
our performing a rigorous validation. In total, however, the data set does
offer a qualitative record of what has occurred naturally at the site. Given
that, we can model the 14-year period and compare our results with the measured
data for insight into measurement needs.

For this example, we conducted two simulations, one with and one without *
plants, to show the effect of the presence of plants. Most of the details of
the simulations (e.g., node spacing, soil properties) are identical to those
given in Section 7.2. The remaining details to be provided below include
initial conditions and year-to-year variations in plant activity, precipita-
tion, and PET. The measured water-balance components are precipitation and
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change in storage. Drainage is known to be zero because the bottom of the
lysimeter is sealed. The unknown components are evaporation and transpiration.

Initial gravimetric water contents were measured as a function of depth
sometime around January 1972, and the values are listed by Hsieh, Brownell and
Reisenauer (1973). Assuming a bulk density value of 1.6 g/cm3, we converted
the moisture contents to volume fractions. Using the Campbell function for
soil water retention, we calculated the corresponding suction head values for
use as initial conditions for UNSAT-H. Gravimetric water contents were also
measured on October 7, 1985. Again using a bulk density value of 1.6 g/cm3, we
converted the data to volumetric fractions.

The only plant data we used that are not provided in Section 7.3 are the
yearly fractions of soil surface that are bare. The bare soil fraction as a
function of year is listed in Table B.l. Because there were no plants in the
years 1972 and 1973, the bare soil fraction is 1.0. Al1 other plant data
remain constant from year to year.

As described in Section 7.3, hourly precipitation and meteorological data
for each year of the simulation were obtained from the HMS, which is located
6.5 km northwest of the lysimeter site.

Year-end summaries of the simulations are provided in Tabhles B.2 and B.3
for the cases without and with plants, respectively. In Figure B.3, we have

TABLE B.1. Annual Bare Soil Fraction Assumed in the Simulation
of the 200-Area Closed-Bottom Lysimeter

Year BARE Year BARE
1972 1.00 1979 0.70
1973 1.00 1980 0.70
1974 0.94 1981 0.70
1975 0.88 1982 0.70
1976 0.82 1983 0.70
1977 0.76 1984 0.70
1978 0.70 1985 0.70
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TABLE B.2. Summary of Simulations of the 200-Area Closed-Bottom Lysimeter
Without Plants on the Surface (initial storage = 85.6 cm).

(The mass-balance error did not exceed 0.2 cm/y.) .
Net Storage @
Final Net Since .
Year Precip. Drain Evap. Storage Storage Jan 1, 1972
1972 16.2 0.0 15.2 86.5 0.9 0.9 .
1973 21.0 0.0  13.6  93.9 7.4 8.3 '
1974 13.5 0.0 16.9 90.3 -3.6 4.7
1975  18.9 0.0 18.0 91.1 0.8 5.5 ’
1976 7.6 0.0 9.3 89.2 -1.9 3.6 ,
1977 16.3 0.0 13.0 92.4 3.2 6.8
1978 16.6 0.0 15.3 93.5 1.1 7.9
1979 14.0 0.0 11.8 95.7 2.2 10.1
1980 24.6 0.0 21.2 98.9 3.2 13.3
1981 17.9 0.0 16.8 99.9 1.0 14.3
1982 20.3 0.0 18.6 101.4 1.5 15.8
1983 28.1 0.0 23.3 106.0 4.6 20.4
1984 18.4 0.0 19.8 104.5 -1.5 18.9
1985 12.9 0.0 11.2 106.2 1.7 20.6

Total 246.3 224.0

Note: Simulated storage on October 7, 1985, was 103.1 cm.

plotted simulated storage in the lysimeter for the l14-year period. Annual

variations aside, note that storage in the lysimeter under the bare surface
continually increases while storage under the partially vegetated surface

remains essentially constant. This points out the enormous effect that

vegetation has on the water balance. When the soil surface is vegetated, the
available water is utilized and recharge rates can approach zero. In the 4
absence of vegetation, storage of water in the profile increases, a condition T
which is conducive to increased recharge rates. Thus, any waste-management

practice that entails the suppression or removal of vegetation (e.g., gravel

surface cover, herbicide application) enhances the recharge rate.
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TABLE B.3. Summary of Simulations of the 200-Area Closed-Bottom Lysimeter
With Plants on the Surface (initial storage = 85.6 cm).
(The mass-balance error did not exceed 0.2 cm/y.)

Net Storage

Final Net Since

Year Precip., Transp. Evap. Storage Storage Jan 1, 1972
1972 16.2 0.0 15.2 86.5 0.9 0.9
1973 21.0 0.0 13.6 93.9 1.4 8.3
1974 13.5 2.3 16.0 88.8 -5.1 3.2
1975 18.9 4.0 16.6 87.0 -1.8 1.4
1976 7.6 3.3 8.2 83.0 -4.0 -2.6
1977 16.3 1.7 11.8 85.6 2.6 0.0
1978 16.6 5.2 13.6 83.3 2.3 -2.3
1979 14.0 2.0 10.5 84.8 1.5 -0.8
1980 24.6 6.4 18.3 84.6 -0.2 -1.0
1981 17.9 3.5 14.3 84.6 0.0 -1.0
1982 20.3 3.1 16.5 85.0 0.4 -0.6
1983 28.1 4.9 21.2 86.9 1.9 1.3
1984 18.4 5.0 17 .4 82.8 -4.,1 -2.8
1985 12.9 2.1 9.8 83.8 1.0 -1.8

Total 246.3 43,5 203.0

Note: Simulated storage on October 7, 1985, was 80.6 cm.

Both the simulated and measured moisture content profiles for October 7,
1985, are illustrated in Figure B.4. Notice that all depths of the simulated
profile without plants have become wetter than the measured initial condi-
tions. This simulated increase in water content throughout the profile repre-
sents an increase in storage of 17.5 cm over the 14-year period, which, if it
continued, could result in a potential recharge rate of 1.3 cm/y. The measured
data, however, show that storage actually decreased by 2.8 cm over the same
period, indicating a net loss of water from the lysimeter. The simulation with
plants indicates that storage decreased by 5 cm for the 14-year period, which
is comparable to the 2.8-cm decrease measured. Like the storage changes
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FIGURE B.3. Simulated Storage Variations in the 200-Area Closed-Bottom
Lysimeter, Both With and Without Plants

in Figure B.3, the simulated moisture profile (Figure B.4) under the plant
scenario more nearly coincides with the measured data than the simulated
profile under the bare surface scenario.

We must stress that these results are qualitative because our representa-
tion of plants is hypothetical. The results are sufficient, however, to indi-
cate the importance of plants in the water balance of the Hanford Site. In
this particular case, plants reduced the potential recharge rate from 1.3 cm/y
to near zero by reducing the storage of water within the profile. Therefore,
to quantify recharge at vegetated sites, water-balance models must include the
process of plant transpiration. '
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