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FACE WATERSHED MODEL (PVM):
VOLUME 1, MODEL DEVELOPMENT

by All Durgunoglu, H. Vernon Knapp, and Stanley A. Changnon, Jr.

INTRODUCTION

The modification of weather to produce greater amounts of precipita-
tion is a subject of interest in the midwestern agricultural community.
However, both rainfall and its temporal distribution are uncertain and
highly variable processes, and it is not yet well understood whether
potential increases In precipitation may come at a time or in amounts that
are useful to agriculture. It is possible, for example, that extra rain-
fall would have greater impacts on areas other than agriculture, such as on
the general water resources condition of a region. The Precipitation
Augmentation for Crops Experiment (PACE) project was initiated to examine
these gaps in the understanding of weather modification, with the specific
goal of being able to assess the potential usefulness of summer rainfall
increases.

The moisture brought by rainfall eventually contributes to one of
four processes: 1) runoff into a stream, 2) seepage into ground water, 3)
evaporation into the atmosphere, or 4) abstraction from the soil into
plants for eventual transpiration into the atmosphere. Only the last of
these processes is of primary benefit to agriculture.

Following precipitation, the distribution of water to the four
processes listed above is a complex function of the spatial and temporal
distribution of the rainfall and soil moisture, as well as of the general
soil and crop conditions and subsequent climatic conditions. To properly
quantify the precipitation-crop water situation It Is necessary to under-
stand the movement of water within the soil, which stores the water for
plants. In addition, in order to evaluate consequent impacts on regional
water resources conditions, it becomes necessary to relate the field condi-
tions (at one or several locations) to the total picture on a larger water-
shed scale. This type of analysis requires a physically based watershed
model .

The PACE Watershed Model (PWM) is a quasi-distributed-parameter model
which was designed and constructed to simulate the movement of water
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through the hydrologic system for the purpose of analyzing the effects of
precipitation augmentation. The model possesses the flexibility and power
to be used for a broad range of hydrologic problems. In particular, the
model is well suited for investigations in the area of weather and climatic
variability, a field of which weather modification can be considered a
component.

Results of this project are presented in two separate reports. The
present report (Molume 1) describes the development of the PWM, including a
general description of the hydrologic concepts and processes used in the
model. Volume 2 presents the results of an application of the PMWM to a
small watershed in central Illinois and examines the hydrologic impacts of
increases In summer precipitation.

Objectives

This research was pursued to increase our ability to assess the
impacts on water resources and agricultural products that result from
regional climatic changes caused by conscious and beneficial weather modi-
fication (such as precipitation augmentation) or by inadvertent weather
modification. Since the long-term objective of the PACE project is to
learn whether agriculturally useful increases in summer convective rainfall
can be produced in the Midwest, the scope of this report will be limited to
the study of the effects of rain modification during the critical agricul-
tural water stress period of summer. However, the methods and procedures
that have been developed are flexible and comprehensive enough to aid anal-
yses of the impacts of climatic changes on different aspects of water
resources.

To assess the potential impact of precipitation augmentation on
agricultural productivity and fresh water resources, it iIs necessary to
understand and evaluate the effects of such climatic changes on several
components of the hydrologic cycle, such as soil infiltration, soil
moisture, baseflow, and runoff.

There is no beginning or end to the hydrologic cycle. Evaporated and
transpired water condenses in the atmosphere and returns to earth as pre-
cipitation. Some of this water runs off the surface and joins water bod-
ies. Some of it infiltrates into soil and replenishes the soil moisture,



and the excess soil moisture percolates further down to recharge the
ground-water reservoir, which in turn feeds the lakes and rivers.

Processes like infiltration, soil moisture, baseflow, and runoff are
usually studied by iInvestigating watersheds. Watersheds are topographi-
cally defined areas which drain through a single outlet; thus applying
water budgets to them is simple. The response of a watershed to variations
in climatic variables can be analyzed by using watershed (or water-budget)
models that can sufficiently describe the movement and distribution of
water in the soil-plant-atmosphere interface. Watershed models provide the
temporal and spatial resolution, flexibility, level of accuracy, and ease
of use necessary for determining the effects of plausible weather modifica-
tions on water resources. Therefore the major task of this phase of the
PACE project is to develop and employ a watershed model that can simulate
variations in soil moisture, infiltration, baseflow, and runoff of a
watershed caused by artificially increased summer precipitation, and that
can also provide a reliable account of water over a certain period of time.
A good watershed model is expected to simulate the temporal and spatial
distribution of water within the watershed. The components of the water-
shed that need to be modeled depend on the area under study.

Water-budget models have several characteristics that make them
attractive in hydrological modeling. They have proven to be both flexible
and based on understandable physical concepts. They incorporate soil mois-
ture characteristics of regions; permit month-to-month, seasonal, and
annual estimates of hydrologic parameters; and use readily available data
on meteorological phenomena and soil and crop characteristics. The spatial
resolution of water-budget models can range from a few thousand square
miles to between 10 and 50 square miles in the case of small watersheds.
The temporal resolutions studied can also have a wide range: from annual to
sub-hourly.

Desired Attributes for the PACE Watershed Model (PW)

A model developed for analyzing the effects of weather modification
should be able to incorporate the spatial variability of the region to be
analyzed, should operate continuously, and should have the capability to




use different time intervals for different events. After extensive evalua-
tion it was decided that a model for the PACE project should have the fol-

lowing attributes:

1.

It should be a physically based, semi-distributed-parameter model (a
combination of lumped- and distributed-parameter models). It should be
able to separate the watershed area into smaller segments or sub-water-
sheds, each segment with relatively similar physical characteristics,
to approach the concept of a distributed-parameter model. The most
desirable model is a fully distributed model in which all the watershed
characteristics are explained by spatially varying, physically based
parameters. Such models are expensive in terms of both data require-
ments and computational costs because an attempt is made to incorporate
all the spatial variability of watershed properties (such as land slope
and soil type) into model formulations by using large numbers of param-
eters. The lumped models, on the other hand, are easier to use but
usually require extensive calibration for each watershed. This con-
flict can be relaxed if some of the parameters can be lumped to form
physically based, semi-distributed-parameter models. Such models are
especially useful for analyzing ungaged, rural watersheds because the
need for model calibration for each watershed is partially eliminated.
A sequential (continuous) operation model iIs needed, rather than an
event model (single storm or flood model). Sequential models are
needed for analyzing the hydrologic conditions over an extended period
of several months (e.g., during the crop growth season). The model
should also be able to handle storm events, if necessary.

The model should have the capability to use small time increments (say,
hours) during storm events, and longer intervals (say, days) during
sequential operation. This enables better simulation of infiltration
and soil moisture during storm events, and requires less computing time
during dry periods.

Rainfall hydrology is the primary area to be modeled for the purpose of
PACE, with submodels to consider infiltration, evapotranspiration, soil
moisture, subsurface flow, overland flow, and channel routing.

Other climatic parameters to be considered are temperature, potential
evaporation, wind velocity, and relative humidity. Physical data



needed include soil and infiltration characteristics, layered-soil pro-
files for soil moisture accounting, and data on land use, soil cover,
topography, and stream network.

6. The modeling capability should extend to a 100- to 1000-square-mile
area.

7. The structure and design of the model must be based on considerations
regarding the degree of model complexity and the calibration and data
requirements that are practical, viewed against the adequacy of the
model"s representation of the watershed.

8. IT there is a need for calibration, the model should have a self-
optimizing capability for estimating watershed parameters to avoid
numerous trial-and-error solutions.

Two characteristics of the lumped-parameter-type models make them
conceptually undesirable for the PACE project. First, when various land-
use characteristics are lumped together so the hydrologic response of a
total watershed may be estimated, the ability to estimate the effect of
precipitation augmentation at the field level is lost. Second, lumped-
parameter systems usually require some amount of calibration on the basis
of existing streamflow records in order to properly evaluate the massed
response of the watershed. On the other hand, distributed-parameter sys-
tems generally rely on more physically oriented modeling techniques that
require no or minor calibrations, but these systems are more expensive in
terms of both computing and data requirements.

Need for a New Model

To develop a watershed model from scratch that has all the desired
attributes is an extensive and time-consuming task. To reduce time and
effort, a detailed iInvestigation was made of existing watershed models.
The investigation showed that none of the existing models was capable of
performing all the desired tasks described above. Almost all the available
distributed-parameter-type models emphasized a single process; most were
designed to simulate events and could not be used in the continuous opera-
tion mode. Only a few were capable of modeling soil moisture conditions
during the growing season for which precipitation augmentation would be
considered desirable. The models that were suitable either required
extensive calibration to simulate soil moisture conditions, or were not



adequate for describing the effects of precipitation augmentation on water
resources. Only a few of the models described baseflow adequately, and
these were dedicated and very detailed models which simulated ground-water
flow without considering other components of the hydrologic cycle. The
models that attempted to simulate all (or most) components of the hydro-
logic cycle were overwhelmingly detailed in certain aspects, whereas other
Darts were modeled crudely.

To adequately simulate the effects of hypothetical precipitation
changes on the water balance of an agricultural region, and thereby offer
some insight as to how (and where) to measure the effects of actual cloud
seeding experiments, it is necessary to model the relevant components of
the hydrologic cycle in a physical manner. For this reason it was decided
that a new, hybrid watershed model was needed. This model would combine
the capabilities of existing models so the impacts of human activities on
the hydrologic cycle and therefore on water resources could be analyzed.

The new model was conceptualized as a quasi-distributed-parameter
model (a combination of lumped- and distributed-parameter-type models). It
required minor calibrations for some benchmark soil groups in Illinois so
that further calibrations for other watersheds with the same soil groups
woulld not be needed. It can be operated either as a sequential model by
using daily data, or as an event model (if desired) for modeling stream-
flows during storms by using hourly data. In contrast to the inherent
structures of the existing models, which are discussed in the next section,
the new model makes extensive use of physically based information such as
information on land contours and soils, soil physics, and plant physiology.
The PWM has a modular structure in which soil moisture, evapotranspiration,
infiltration, ground-water flow, and surface flow are separate components.
This modular structure was very useful in importing several sub-models from
existing models and fusing them together after the desirable modifications
and testings were done.

End Products of the PW
The PW should be able to provide information for analyzing the

effects of precipitation augmentation on the following:



Agriculture

Soil moisture

Droughts and low flows
Protected and instream flows
Flooding

Water supply

Recreation

Although the purpose of the PW is to provide information for assess-
ing the effects of precipitation augmentation on agriculture and soil mois-
ture, information about the other factors can readily be obtained as a by-
product of the study. This information will be valuable in evaluating the
overall impacts of precipitation augmentation on our water resources
systems.

Since the PW uses extensive (but readily available) climatic and
physiographic data, it can also be used in real-time operation for predict-
ing future soil moisture deficits, provided that short-term (a month or
two) climatic forecasts are available. Such predictions, especially during
crop growth periods, are vital in making major long-term decisions regard-
ing precipitation augmentation, supplemental irrigation, or a change to a
different crop type to maximize agricultural benefits or minimize damages.

The developed model has undergone extensive testing and some calibra-
tion so it can adequately represent changes in soil moisture and stream-
flows for different precipitation and temperature conditions over a number
of years. 1Its use iIn the PACE project will also help in answering some of
the following questions:

1. How much increase in soil moisture and streamflow occur from different
levels of precipitation augmentation for different storms, as deter-
mined by the stochastic as well as the deterministic mode?

2. Can an operational procedure be developed for short-term decision
making regarding whether to augment precipitation forecast a day or two
in advance, on the basis of soil moisture and predicted effect of
increased precipitation on soil moisture and streamflow?

3. What is the smallest amount of predicted storm precipitation that
should be considered for precipitation augmentation? Models of soil
moisture versus crop yield, developed by agricultural economists, may
be used for economic analyses.



4. What kinds of field measurements are needed to verify the predicted
effects of precipitation augmentation? These measurements will also
serve a useful purpose in decision making regarding precipitation
augmentation for the next storm. This will lead to a satisfactory
monitoring network design.
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EVALUATION OF VARIOUS AVAILABLE MODELS

Several authors (Linsley, 1982; Renard et al., 1982; James et al .,
1982; Overton and Meadows, 1976) have classiftied watershed models according
to different criteria. For example, watershed models can be classified as
physical or mathematical; sequential (continuous) or event (discrete);
dynamic or static; deterministic or stochastic; black-box; or lumped-
parameter or distributed-parameter. A clear distinction among the classi-
fications cannot always be made because of the variability in the manner in
which individual processes are represented. We have attempted to classify
models according to the type (lumped or distributed parameter), operation
(sequential or event), time and areal scale, general application, and pro-
cesses represented. Black-box models have not been considered here because
their parameters usually do not represent any physical properties of water-
sheds. Since a large number of models was available, an initial screening
was performed on the basis of the desired attributes of the PMWM. Only
after that were the remaining models classified.

Major Hydrologic Simulation Models

Most of the models that passed the initial screening are major hydro-
logic simulation models somehow related to the Stanford Watershed Model,
SW (Crawford and Linsley, 1966). The SW attempts to model most of the
hydrologic processes (land phase) in the hydrologic cycle, and it is basi-
cally a lumped-parameter model. Several versions of the SW have evolved

following modifications and revisions.

The Kentucky Watershed Model, KW (Liou, 1970) is an adaptation of
the SW to the climatic and geographic conditions of Kentucky. OPSET is an
improved version of KW that incorporates an optimization technique for
estimating some of the watershed parameters (Liou, 1970).

USDAHL-74, a major revision of the SW that was developed by the U.S.
Department of Agriculture (Holtan et al., 1975), incorporates the effects
of soil type, vegetation, pavement, and farming practices on infiltration
and overland flow. The USDAHL-74 model has relatively extensive data re-
quirements. Continuous records of precipitation, weekly average tempera-
tures and pan-evaporation amounts, and detailed data on soils, vegetation,
land use, and cultural practices are required. The model has primarily



been used by the Soil Conservation Service for preparing environmental
impact statements.

Another version of the SWM, the Streamflow Synthesis and Reservoir
Regulation (SSARR) model (U.S. Army Corps of Engineers, 1972), was devel-
oped primarily for streamflow and flood forecasting and for reservoir de-
sign and operation studies. This model was one of the earliest sequential
streamflow simulation models using a lumped-parameter representation.

Yet another version of the SW (the NWSRFS model) was developed by
the Hydrologic Research Laboratory of the National Weather Service (U.S.
National Weather Service Office of Hydrology, 1972). The NWSRFS model was
developed for use by the National Weather Service in forecasting river
flows and stages. Since the NWSRFS model was intended for large basins, it
uses larger time increments than the SW, as well as simpler programming,
fewer process computations, and a more rapid procedure for determining
optimal watershed parameters.

The most sophisticated version of the SW was developed by Hydrocomp,
Inc., and has been named the Hydrocomp Simulation Program FORTRAN (HSPF)
(Crawford, 1971). It incorporates hydraulic reservoir routing and kine-
matic-wave channel routing techniques. Water-quality simulation capabili-
ties are also included in the model.

A hydrologic simulation model, the European Hydrologic System (SHE),
has been developed by the Danish Hydraulic Institute, SOGREAM (France), and
the Institute of Hydrology (UK) (Beven et al., 1980). In contrast to the
above-mentioned models, this is a physically based distributed-parameter-
type model. The SHE model incorporates components for the processes of
overland and channel flow and unsaturated and saturated subsurface flow,
which have been developed from nonlinear partial differential equations of
flow and which are solved by finite-difference methods. SHE is basically
an event model. An economically viable and operational version has not yet
been implemented.

Rainfal I/Runoff-Event Simulation Models
Another group of models (rainfall/runoff-event simulation models)

uses a lumped-parameter approach to simulate the hydrologic response of a
watershed during or just after a rainfall event. The TR-20 model (U.S.
Department of Agriculture, Soil Conservation Service, 1973), which is
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basically a water surface profile computer program, has primarily been used
by the Soil Conservation Service. It is designed to use soil and land-use
information to determine the runoff hydrograph. The Storm Water Management
Model, SWM (Lager et al., 1971), developed for the U.S. Environmental
Protection Agency, 1is basically an urban runoff simulation model and cannot
be used for large rural watershed simulations. The HEC-1, the flood hydro-
graph package developed by the U.S. Army Corps of Engineers (U.S. Army
Corps of Engineers, 1973), uses unit hydrograph synthesis to generate
runoff volumes.

Process Models

In addition to major hydrologic simulation models and rainfall/runoff
models, five other models were considered after the initial screening.
These models attempt to simulate individual processes with a more-than-
average level of sophistication, together with a rough approximation of the
related processes. These process models usually require more detailed data
than the other types of models.

The CREAMS (Chemicals, Runoff, and Erosion from Agricultural Manage-
ment Systems) model is a lumped-parameter model developed by the USDA (U.S.
Department of Agriculture, 1980). Infiltration, evapotranspiration, and
percolation processes are well modeled in the CREAMS model. Surface runoff
and infiltration are estimated by using the SCS curve number method when
only daily precipitation data are available. The Green-Ampt infiltration
equation (Green and Ampt, 1911) is used for this purpose when sub-hourly
precipitation data are used. Several soil layers have been considered in
modeling the distribution of water in the soil matrix. The model is appli-
cable to field-scale sites. A modified version of CREAMS, Simulator for
Water Resources in Rural Basins (SWRRB) (Williams et al., 1985), was also
considered. This model is designed for application to large complex rural
basins.

The SPAW (Soil-Plant-Air-Water) model, developed by the USDA (Saxton
et al., 1984), is very similar to the CREAMS model in i1ts approach to the
simulated processes. However, the SPAW model uses more sophisticated
approaches to 1) simulate water movement in the soil, and 2) represent the
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relationships between soil moisture and crop characteristics such as root-
ing depth and crop water stress. The SPAW model uses a Darcian approach
for redistribution of water among several layers of soil.

The ANSWERS (Areal Nonpoint Source Watershed Environment Response
Simulation) model (Beasley, 1977) is a distributed-parameter model that
uses a grid system to delineate watershed elements. The ANSWERS model
basically simulates tils flow, channel and overland flow, soil erosion, and
sediment transport in agricultural watersheds. It is an event model, so
evapotranspiration is not included in the simulations. The baseflow is
very crudely modeled as a function of the ground-water storage volume,
released at a uniform rate.

Among the process models investigated, only one model was selected
for simulating ground-water and baseflow conditions. The model developed
by Prickett and Lonnquist (1971) generates the water-table configuration in
an unconfined aquifer by using the finite-difference form of the unsteady-
state, partial differential equations of motion and continuity of flow.

The P&L model uses the iterative alternating-direction-implicit (IADI)
technique to calculate the water-table configuration at all nodes in an
aquifer. The model can handle non-homogeneous and anisotropic conditions
it the spatial variations of permeability and the storage coefficients are
available.

A summary of the characteristics of the above-mentioned models is
provided in table 1. In table 2, the processes that are simulated by these
models, and the adequacy of their representations, are presented. The
processes listed in table 2 are those considered to be important for the
PWM.

Model Selection
The most desirable type of model would be a fully distributed-
parameter model in which all the physical characteristics of the watershed

could be represented by measured or estimated parameters. Designing such a
sophisticated model would require excessive human, computer, and data re-
sources. Because of practical limitations, such a goal cannot be easily
achieved. Figure 1 illustrates the relative complexity, difficulty of
application, and adequacy of watershed representation of different types of
watershed models.



Table 1.

Watershed Model

Characteristics

(After Shafer and Skaggs, 1983)

Model Time
name Type operation
SWM™ Lumped Sequential
KW &

OPSET Lumped Sequential
USDAHL-74  Lumped Sequential
SSARR Lumped Sequential
NWSRFS Lumped Sequential
HSPF Lumped Sequential
TR-20 Lumped Event
SWMM Lumped Event
HEC-1 Lumped Event
CREAMS Lumped Sequential
SWRRB Lumped Sequential
SPAW Lumped Sequential
SHE Distributed Event
ANSWERS Distributed Event
P&L Distributed Sequential

Period
Variable

Variable
Variable
Variable
Variable
Variable
Hourly
Sub-hourly
Variable
Daily & hourly
Daily & hourly
Daily
Sub-hourly
Sub-hourly
Variable
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Areal General
scale application
Large Rural & urban
Large Rural & urban
Small Agricultural
Large Mountainous
Large Rural
Large Rural & urban

10 sq mi Rural

10 sgq mi Rural

Variable Rural

40 acres Agriculture
Large Agriculture
Small Agriculture

Variable Variable

40 sq mi Agriculture
Large Rural & urban
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Table 2. Processes Simulated by Watershed Models,
and Adequacy of Representation
(After Shafer and Skaggs, 1983)

Soil
Model moisture Overland
name Rain PET ET Infiltration zones Baseflow flow
SWM 0 - 0 0 0 ® 0 0
KW & 0 - 0 0 O ( 3) 0 0
OPSET
USDAHL-74 O -0 + o (1) 0 0
SSARR + - - - 0o @ 0 0
NWSRFS 0 - 0 0 N @) 0
HSPF 0 -0 0 o 2) 0 0
TR-20 + - - 0 -
SWVM 0 0 0 0
HEC-1 0 - - 0
CREAMS 0 + + + + () 0
SWRRB 0 + + + + (M) 0
SPAW 0 + + + + 0
SHE + + + + + (@ 0 +
ANSWERS + - 0 0 - +
P&L +

+ = above-average representation

0 = average representation

- = below-average representation
blank = not represented

Channel
Fflow

0
0

+ o o ©

Deep

percolation

0
0

o + + +



INADEQUATE DIFFICULTY
REPRESENTATION OF OF MODEL
WATERSHED SYSTEM APPLICATION

PACE
WATERSHED |
MODEL

BLACK-BOX | = LUMPED-PARAMETER I BISTRIBUTED-PARAMETER
MODELS MODELS MODELS

COMPLEXITY OF MODEL FORMULATION

Figure 1. Relative complexity, difficulty of application,
and adequacy of watershed representation
of different types of watershed models
(After Overton and Meadows, 1976)
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Our goal was to construct a model that would provide a relatively low
risk of not adequately representing the watershed and yet not be very dif-
ficult to apply. On the basis of this and the PMW requirements, as well
as the attributes mentioned earlier, three models were selected for use as
a skeleton in the design of the PM. These models are the CREAMS, P&L, and
ANSWERS models.

These models were selected on the basis of the processes they simu-
late; theilr data requirements, operation and model type, flexibility, and
modular structure; and the compatibility of each model component with the
other components. The selected models, after modifications, are capable of
simulating all the processes deemed to be important for the PWM.

The central component of the PW is its soil moisture component. The
CREAMS model is most appropriate for this component since it can use soil,
crop, and climatic information and can be modified and pre-calibrated for
several soil/hydrologic categories by using existing records of soil mois-
ture for different Illinois soils (or the soils of any other region). The
value of relating the hydrologic responses to the soil and crop type is
that the model does not need further calibration for any potential study
areas beyond the developmental calibration. These calibrations can be as-
sociated with each of the benchmark soil types in a large region and thus
can easily be implemented with the other distributed-parameter components
which require little or no calibration. The CREAMS model can estimate
daily deep percolation values that can be used as iInput to the ground water
component, and excess-precipitation values that may be used in overland
flow simulations. Another desirable feature of the CREAMS model is that it
can use both daily and sub-hourly data, which facilitates the simultaneous
use of the model as both a sequential and an event model.

The P&L model has been selected for baseflow simulations because the
model is based on theoretical flow motion and continuity equations, which
are solved by one of the fastest and most efficient methods (1ADl). Its
data requirements are highly compatible with those of the selected soil
moisture component, and its finite-difference solution technique is very
suitable for integration with the grid system of the surface flow compo-
nent. The P&L model is a dedicated, distributed-parameter model with a
highly modular structure. It can handle the variations in soil character-
istics in a watershed and can be implemented together with the CREAMS and

16



ANSWERS models after some adjustments. The time scale can be selected to
vary from hours to weeks, depending on the type of process and the size of
nodal system used.

Overland flow and channel routing are simulated by using the ANSWERS
model. ANSWERS is an event model that should be used only when there is
excess precipitation. Since both the CREAMS and P&L models permit the use
of variable time scales, the use of ANSWERS with them will not cause any
problems. The infiltration, retention, soil moisture, and baseflow
components of the ANSWERS model need to be removed, since these processes
are better modeled with the CREAVMS and P&L models.

17



MODEL DESCRIPTION

The PMW has three independent major components which can operate si-
multaneously: the soil moisture, ground water, and surface flow components.
Within each of these components one or more of the primary processes of the
land phase of the hydrologic cycle considered to be significant in simulat-
ing summer crop-growth conditions are modeled. These primary processes are
precipitation, infiltration, evapotranspiration, soil moisture, surface
(overland and channel) flow, deep percolation, and ground-water
(unsaturated and saturated subsurface) flow. The three components and the
information exchange among them are illustrated in figure 2.

There are several reasons for deciding on a modular structure for the
PW. One of the reasons, as mentioned previously, is to incorporate and
fuse the suitable components of the available existing models, which could
be done efficiently only within a modular structure. The modular structure
also means that as long as the variables used to exchange information be-
tween the components are not changed, the remaining processes and algo-
rithms within each component can be modified without causing repercussions
throughout the model. This modular structure enables us to add more fea-
tures or processes to any component as needed. Consequently, the PWM can
easily be updated for new applications and in accordance with advances in
prediction technology. For some applications, depending on hydrologic
conditions and/or availability of data, some processes or components can be
bypassed without affecting the performance of the whole model. A modular
model is especially useful when different time intervals are needed for
different hydrological processes in order to accommodate variations in time
scales.

Hydrologic Processes Modeled in Each Component
Although each component is intended to operate independently, there
must be a link for transferring information among the components so the

continuity of water in the hydrologic cycle can be simulated. Each compo-
nent has at least one process that links it to one of the other two compo-
nents. Basically, the processes involved in the soil moisture component
are infiltration, soil moisture retention, vertical movement and redistri-
bution of moisture, evapotranspiration, and deep percolation. The ground
water component includes deep percolation, horizontal saturated water flow,
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lateral unsaturated flow (interflow), and stream and ground-water inter-
face. The surface flow component simulates overland flow, channel flow (on
the basis of excess precipitation amounts), and infiltration.

The soil moisture component acts as a central unit for the redistri-
bution of precipitation input to the system. The precipitation input is
divided into excess and infiltrating precipitation. The excess precipita-
tion becomes input to the surface flow component, and infiltrating precipi-
tation becomes input to the soil moisture component. Water is lost from
the soil moisture component through evapotranspiration (ET) and deep perco-
lation.

Deep percolating water becomes the main input for the ground water
component. The total ground-water flow is treated as two separate pro-
cesses: interflow (the fast and shallow movement of water) and saturated
flow (the deeper and slower water movement in the subsurface). As the to-
tal ground-water flow is routed toward lower lands, it eventually encoun-
ters a stream and recharges it. During very dry periods, when there is a
deficiency in soil moisture along with a lack of deep percolation, ground
water can actually replenish soil moisture by capillary movement, which is
represented in the model as negative percolation. The movement of water
within the components of the model is illustrated in figure 3.

Spatial Distribution and Resolution of Catchment Parameters

The horizontal spatial distribution of watershed parameters is repre-
sented by a grid system. This grid system is considered to have a square-
element formation with fixed-size elements for the entire watershed area,
as shown in figure 4. The size of the elements is chosen on the basis of
an economical tradeoff between computational and data-gathering costs, and
accuracy in model representation of the watershed characteristics.

Each square watershed element can be viewed as a vertical square
column extending from the land surface at the top down to the subsurface
impermeable boundary, and consisting of three layers (the three model
components). Each model component has a separate grid that represents the
spatial variations of the parameters within that component. By superposing
these separate grid layers on each other (see figure 2), a three-dimen-
sional grid system is obtained. The combination of the parameters from the
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three separate layers within the same vertical column constitutes a unique
set of parameters for that watershed element.

For each component of the model, different parameters are required to
adequately represent the spatial variations of the physiographic and hydro-
logic features. For example, the surface flow component requires informa-
tion on the spatial distribution of land slope and slope direction, surface
roughness, and stream network. For the soil moisture component, the sig-
nificant parameters are plant available soil moisture, crop cover, and ver-
tical permeability. The most important parameters for the ground water
component are horizontal permeability and the storage coefficient.

The parameters for both the surface flow and ground water components
are fully distributed, meaning that for each element the parameters (e.g-,
land slope and ground-water elevation) are generally unique. Even if two
elements have identical properties, the manner in which the hydrologic pro-
cesses operate on that element, and its relationship to nearby elements,
are unique.

The soil moisture component, however, has a discrete number of pat-
terns which are modelled. For every combination of soil type, crop type,
and precipitation pattern, a separate soil-crop-precipitation (SCP) associ-
ation is designated. For example, in a watershed with three soil types,
two crop types, and two precipitation gages (located in areas with differ-
ent precipitation patterns) there will be 3 « 2 « 2 = 12 SCP associations.
The spatial variability of any particular SCP association is assumed to be
constant over the entire watershed; therefore many elements throughout the
watershed may have identical soil moisture characteristics. If an SCP
association is expected to show variation from one location to another (for
example, i1f a different distribution of precipitation is to be used), a
separate SCP association will be needed. Thus the soil moisture component
contains a discrete number of separate one-dimensional constituents which
are selectively placed throughout the elements of the watershed. This
manner of parameter distribution within the soil moisture component makes
the PW a quasi-distributed model.

The top two grid layers (surface flow and soil moisture) are formed
by square elements as described above. The ground water grid layer, how-
ever, is formed by nodes (finite-difference grid). To provide vertical
overlapping of all three grid systems, all the grid elements in all the
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layers must be the same size, and the distance between the nodes iIn the
finite-difference grid must be equal to the length of the square elements,
with the nodes located at the centers of the overlapping square elements.
In this way each node will represent an area covered by a square element.
(The grid system concepts are discussed further in the "'Ground Water
Component’ section and are illustrated in figure 12_.) Even though the
computational methods used for finite-difference schemes are quite differ-
ent than the methods used for square-element systems, such approximations
provide a strong link and data exchange among the components of the model.

Although a general vertical variability is permitted by using sepa-
rate grid layers for each component, vertical variation within each layer
is highly restricted. The soil moisture component has seven vertical lay-
ers with varying thicknesses, which are needed for simulating varying crop
water-use by depth. These layers are all aligned vertically within the
same grid system.

The channel system is represented as a continuous network, as shown
in figure 5. The channel grid system is conceived as a transparent overlay
placed on top of the existing overland grid system. Continuity of the
channel network is essential and should be confirmed for each model by
checking the flow-direction arrows. Each designated channel element can
have only one rectangular cross-sectional channel, although an unlimited
number of channel widths, roughnesses, and bottom slope combinations can be
specified for the whole channel network.

General Assumptions

To obtain a feasible and operational watershed model, some assump-
tions had to be made. The assumptions and the approximations made in
constructing each component are discussed in detail in the following
sections. An explanation of some general assumptions is given here.

The biggest assumption is, of course, that the continuous watershed

system parameters can be represented by an equivalent set of discrete ele-
ments and nodes. Basically, this means that both the spatial and temporal
variables are treated as discrete parameters. This assumption affects all
three components of the PWM.

Another major assumption relates to the spatial distribution of the
soil, crop and precipitation characteristics. For a given soil type and
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crop cover, the hydrologic response is assumed to be constant over the
watershed. 1In reality, some neglected horizontal variation of the pro-
cesses will produce variable responses at different locations. However,
the extent of this variability is not known, and the advantages of modeling
the locations separately do not justify the costs involved. A similar ar-
gument pertains to the assumption of a uniform distribution of precipita-
tion over an area. Usually sufficient information is not available to
properly model the spatial variability that could be expected in the rain-
fall distribution. The number of SCP associations is not limited by the
model, but there may be practical restrictions in the implementation stage
relating to hardware, computing time, and data preparation.
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SOIL MOISTURE COMPONENT

The soil moisture component of the PW is the central processing por-
tion of the entire model, iIn that It receives precipitation as input and
eventually distributes water among the other components in the model. The
soil moisture component has a set of parameters related to soil and crop
characteristics. In addition, there are four general processes which
operate: 1) infiltration, 2) soil moisture redistribution, 3) percolation,
and 4) soil and plant evapotranspiration. These processes are illustrated
in figure 6. The soil and crop parameters, along with the status of soil
moisture and crop growth, determine the amount of water distributed by each
of these processes. The processes are described below in the same order in
which they are treated by the model.

Soil and Crop Parameters

Soil Layers. The soil moisture component of the PW employs a one-
dimensional modeling of the distribution of soil moisture within a 78-inch
(2-meter) vertical column. The column of soil is divided into seven sepa-
rate layers, identified by depth as follows:

Layer Depth of layer

1 0-2 inches (0-5 cm)

2 2-6 inches (5-15 cm)

3 6-12 inches (15-30 cm)
4 12-20 inches (30-50 cm)

5 20-39 inches (50-100 cm)
6 39-59 iInches (100-150 cm)
7 59-78 inches (150-200 cm)

Four soil characteristics are considered for each of the soil layers:
1) permeability, 2) the volume of water in the soil at the wilting point,
3) the volume of water in the soil at field capacity, and 4) the upper
limit of storage (saturation). Table 3 shows the values assigned to these
characteristics and the manner in which they may vary throughout the soil
column. For ease in the calibration procedure, the characteristics of some
adjacent soil layers were combined.
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Table 3. Soil-Characteristic Values Used in Calibrations
(Flanagan Soil, Bondville, Il1linois)

Volume of water* at:
Permeability Wilting Field

Layers (in./hr) point capacity Saturation
1&2 0.54 0.18 0.42 0.56
3&4 0.54 0.17 0.40 0.56

5 0.48 0.16 0.42 0.51
6 &7 0.48 0.16 0.36 0.51

* Fraction of total soil volume

Wilting point, field capacity, and saturation all refer to volumes of
water in the soil and are presented in table 3 as fractions of the total
soil volume. The Ffield-capacity and wilting-point volumes are especially
important in determining the processes affecting the movement of moisture
within the soil. All water volume above the field capacity is subject to
gravity flow (described later) and drains from the soil at Tirst opportu-
nity. The wilting point represents the effective minimum amount of water
that remains in the soil under the severe pressures of abstraction applied
by a plant®s root system. The volume of water between the wilting point
and the field capacity therefore represents the total amount of "plant
available soil moisture.”

Crop Development. During any one day of simulation the crop is at a
certain stage of growth, not only in the extent of its canopy production,

but also in the development of its root system. The canopy of a crop is
represented by the leaf-area index (LAl), which is a measure of the surface
area of the leaves of the plant divided by the unit area of soil. Figure 7
shows a typical relationship between the LAl of a corn crop and the number
of days since emergence of the crop. The LAl is updated each day to de-
scribe the dynamic effects of the crop during the growing season. For
crops such as corn and soybeans, an LAl value at or near 3.0 represents
fully mature crop development.

As the crop continues to mature, Its root system grows deeper. The
depth to which roots are developed determines the soil layer(s) from which
the greatest amount of transpiration will occur. Table 4 shows the distri-
bution of water extraction from the soil, by layers, for different stages
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of the crop growing season. The root depth (DROOT) on any one date is re-
lated to the total plant growth through the leaf-area index:

DROOT = DROOTnax  (LAL/LAla) D

in which LAl and DROOT,.x are respectively the maximum expected leaf-
area index and maximum expected root depth for the given crop. The maximum
expected root depth for corn is approximately 60 inches.

Table 4. Percentages of Water Extracted from Different Soil Layers
by Developing Corn Plants

Days since emergence

Soil layer 20 40 60 80 100
1 100 67 33 24 22
2 33 27 20 18
3 20 15 14
4 20 15 14
5 21 20
6 5 9
7 3

Infiltration

The infiltration process of the soil moisture component s designed
to operate on either daily or sub-hourly intervals. The solution at the
smaller time increment employs a more physically sound method for determin-
ing infiltration, but it is limited by the availability of records describ-
ing the temporal distribution of storm rainfall. The model will vary the
solution procedure between the daily and sub-hourly methodologies depending
on the type of precipitation information available. If the total daily
rainfall is less than 0.10 inches, the daily model will be implemented.
Both infiltration procedures were obtained from the USDA CREAMS model (U.S.
Department of Agriculture, 1980) and were then modified.

Daily Infiltration Procedure. Infiltration is dependent on the
minute-by-minute temporal distribution of rainfall input. However, many
locations lack the precipitation information needed to evaluate infiltra-
tion on this time scale, and therefore infiltration must be approximated
from daily rainfall data. All infiltration solution techniques that use
daily rainfall information must generalize the rainfall distribution and
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therefore are empirically based. OF these empirical techniques, the SCS
curve number method is most widely used and, in the form used in the PWM,
it offers the flexibility to be used under differing soil moisture condi-
tions.

Infiltration is computed by the SCS method as the difference between
daily precipitation and estimated daily runoff. Daily runoff is predicted
from the equation:

Q = (P - 0.2SR)? / (P + 0.8SR) @
where

Q = daily runoff (inches)

P = daily rainfall (inches)

SR = the retention variable, which changes under
differing moisture conditions

The maximum value of SR (SMX) occurs when the soil is completely sat-
urated. For this condition the value of SMX can be determined as a func-
tion of the curve numbers provided in the SCS handbook (U.S. Department of
Agriculture, Soil Conservation Service, 1972) and numerous other sources.

SMX = (1000/CN1 - 10) ©)

where CN1 is the curve number for the appropriate soil type and land use
characteristics, assuming the SCS moisture condition 1 (high antecedent
moisture). For its use in the PW, the value for CN1 is pre-calibrated for
each individual soil type. This curve number can also be modified to re-
Flect differences in tillage practices and other local surface conditions.

The day-to-day relationship between the retention variable (SR) and
SMX s a function of current soil moisture conditions. A dryer soil will
more likely retain a greater portion of the precipitation, and a wet soil
will produce greater surface runoff. However, the effect of soil moisture
on the retention capability is not uniform throughout the soil column. The
top layers of soil will have a greater effect on infiltration than the
lower layers. For this reason the relationship between SR and SMX is
weighted as a function of the depth of each layer:
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SR = SMX {1.0 - = [W;(SM;Z7UL;)]1} (C))

in which for each soil layer (J) W; is the weighting factor, SM; is the
soil moisture content, and UL; is the saturation limit for soil moisture.
The weighting factor decreases with depth by a negative exponential func-
tion, as i1llustrated in figure 8.

Infiltration Procedure for Fine Time Increments. When fine time
increment precipitation data (for minutes to hours) are available, the
infiltration process should be modeled by using physically based tech-
niques . The PW uses a modification of the Green-Ampt infiltration equa-
tion (Green and Ampt, 1911). The Green-Ampt technique, like the daily
infiltration method given above, is based on the assumption that infiltra-
tion will occur as a piston-type movement downward into the soil.

Infiltration will continue uninhibited until the rate of precipita-
tion exceeds a level somewhere above the maximum rate of percolation (which
is generally approximated by the soil permeability, K). After this point,
water will start ponding, and the rate of infiltration will decrease with
time. The time of ponding, t,, is a function of the total previous infil-
trated amount during the storm, the moisture condition of the soil, and the
rate of rainfall, r,. Since the precipitation rate and moisture conditions
are continually changing, the total depth of infiltration needed to produce
ponding, F,, iIs a dynamic function:

Fo = he=Ke (U-SM) 7/ (r, - K) ®)

in which h, is the effective capillary tension (a calibrated soil parame-
ter) . UL and SM are computed for only the top four layers of the soil
column (20 inches deep) .

Once ponding occurs, infiltration will proceed at a rate defined by:

KT = F - he (UL-SM) In {1 + F/[h. (UL-SWM)]} ®)
where

T cunulative time since t, (time of ponding)
F = cumulative depth of infiltration since t,
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The solution for the amount of infiltration (AF) for a time period
(AY) is approximated by the equation:

AF = {4A [h. (UL-SM)+F] + [F-A]® }°° - F+ A @)
in which A = KeAt/2. Runoff for the time increment At is computed as the
remainder between the rainfall and the infiltration (AF) for that time

period. Retention storage on the ground surface may allow a portion of the
estimated runoff to be available for subsequent infiltration.

Distribution of Soil Moisture

In the soil moisture component of the PW, water can move vertically
in one of two fashions: 1) gravity flow, which is the downward flow when
the soil is at or near saturation, and 2) unsaturated (Darcian) flow, which
is caused by differences in head potential between different layers of the
soil.

Gravity Flow. Gravity flow is generally restricted to those periods
during and following a rainfall event, when the upper layers of the soil
are wetted. As infiltration continues, the zone of wetting moves downward
into lower layers of the soil. Figure 9 i1llustrates how the moisture dis-
tribution typically changes within the soil from the start of infiltration
(ty) to successive time periods (t; and t;) under gravity Flow conditions.
The speed at which the zone of wetting advances is dependent upon the satu-
rated conductivity of the soil, which is approximated by the permeability
of the soil. The amount of time It takes for the wetting front to move
through a soil layer (TIME;) is the thickness of the soil layer (DZj)
divided by the permeability of that layer:

TlMEJ = DZJ/KJ (8)
where DZ; = DEPTH; - DEPTHj-
All water in excess of the soil"s field capacity will attempt to move
down through gravity flow. IT the permeability of a soil decreases with
depth, the decreased rate of gravity flow may limit both the gravity flow

in upper layers and the infiltration process. In these cases, water will
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remain in the upper layers of the soil or above the surface of the ground
when the soil®s saturated level i1s exceeded. In the latter case this water
is then added to the surface flow component of the model.

Unsaturated (Darcian) Flow. Water is continuously moving through the

soil, even during periods when the soil is relatively dry. This unsatu-
rated movement of water occurs because of differences iIn the pressure
(head) of the water both vertically and horizontally.

Differences in the head are significant during two situations.

First, whenever rainfall occurs over a dry soil, gravity flow restricts the
downward movement of this water to the top layers of the soil, creating a
situation where the upper layers are saturated and the lower layers remain
dry. Unsaturated flow is the process that allows the lower layers of the
soil to receive some of this moisture. The effect of unsaturated flow on
the moisture distribution of a soil column following infiltration can be
seen by comparing figures 9c and 9d. Unsaturated flow is also of signifi-
cance during dry periods in the growing season. In these situations water
will move from the lower layers of the soil upward to the root zone through
capillary action to help satisfy the crop®s water requirement.

The pressure gradient in the horizontal direction is usually much
smaller than the gradient in the vertical direction, and therefore horizon-
tal movement of water is not simulated in the soil moisture component of
the PWM.

The unsaturated vertical movement of water (q) from one soil layer to
an adjacent layer during a given time period, t, can be described by a form
of Darcy"s fTlow equation:

e = k = (hj - hj—l + DZJ)/DZJ (9)

in which q is the vertical flow of water, k is the unsaturated hydraulic
conductivity, and h is the head for each respective soil level.

The potential head for a given soil level is a function of the soil
moisture content of that layer. The head increases with a decrease in soil
moisture; the change is represented by the empirical function:

hj = 407 = 2% [(FC; - SM)/(FC; - WP;)] (10)
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in which FC;, WP;, and SM; are the field capacity, wilting point, and soil
moisture content for level j, and h; is given iIn units of inches.

The unsaturated hydraulic conductivity, k, is a function of the soil
moisture content, and for a given soil layer it is approximated by an expo-
nential function:

— 1.5 - 2[(FC_ -WP_)/(SM_ -WP FC_/3
ki = ko = 10% A TR T T T e (11)

The parameter ko, is the unsaturated hydraulic conductivity at field
capacity and is a calibrated soil property. In the application of equation
9, the value of k is chosen as the minimum of k; and K;_;.

Equation 9 is solved by a forward implicit solution technique using
constant time periods. The time interval, t, will vary depending on the
magnitude of the head difference between levels. For dynamic soil moisture
situations, t must remain fairly small (between 3 and 6 hours) to keep the
solution steady.

Percolation

Percolation in the PW is defined as the exchange of water between
the bottom layers of the soil and the ground water component of the model.
Ground-water storage is viewed as an additional (eighth) layer of the soil,
although it possesses the additional quality of horizontal variability.
The exchange of water between the soil column and the ground water compo-
nent occurs by either gravity flow or unsaturated flow. Most of the move-
ment occurs in the downward direction as a result of gravity flow, in which
the soil column is drained. The movement of unsaturated flow between com-
ponents is limited to the upward direction, allowing uptake of water from
the ground-water table during conditions when the soil is especially dry.
This upward movement of water out of the ground water is termed capillary
absorption. The potential capillary absorption rate is a function of the
gradient in head within the lower layers of the soil (equation 10). IT the
water table is especially deep, the soil will not be able to absorb mois-
ture from ground water at the potential rate. The relationship between
depth of the water table and actual capillary absorption is explained in a
later section of this report.
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Reference (Potential) Evapotranspiration

An estimation of the daily potential evapotranspiration that can oc-
cur from the combination of soil evaporation and plant transpiration is
provided by using the FAO Blaney-Criddle equation (Doorenbos and Pruitt,
1977) as modified by Frevert et al. (1983):

PET = a + b = PDAY = TF/100 12)

where
PET = potential evapotranspiration (inches/day)
PDAY = total length of possible sunshine per day (minutes)
TF = average daily air temperature (degrees Fahrenheit)
a = (0.0043 RH - 0.01 PSUN - 1.41)/25.4
b = 0.81917 - 0.0040922 RH + 0.010705 PSUN + 0.0338 WIND
- 0.00005968 RHePSUN - 0.0003072 RHeWIND

where
RH = minimum afternoon relative humidity
PSUN = percent of possible daily sunshine
WIND = wind speed at time of minimum humidity

(miles per hour)

The PET value is an estimate of the amount of incoming solar radia-
tion that is available for the evapotranspiration process. Depending on
the development of the vegetative cover, this energy can be used for either
plant transpiration or direct evaporation from the soil. The distribution
of energy to these two processes is determined as a function of the leaf-
area index (LAI). A leaf-area index in excess of 3.0 represents a situa-
tion where all of the incoming solar radiation will be intercepted by the
plant and thus will be available for use in the transpiration process.

Thus the potential plant transpiration (PTR) is estimated by the equation:

PTR = PET = LAI/3 (13)

The potential soil evaporation (PSE) is the difference between the
potential evapotranspiration and potential plant transpiration:

39



PSE PET - PTR when 0 < 1Al < 3 (14a)
PSE = 0 when LAl > 3 (14b)

Actual Transpiration. The actual amount of transpiration that occurs

from plants is not only a function of the total available energy (as indi-
cated by the PTR), but also may be limited by the available soil moisture,
which is the source of water supply for the plant. The soil depth from
which water is obtained depends on the stage of growth of the plant and the
resulting development of the plant®s root system. Young emerging plants
may have roots that extend to only several inches in depth. Any possible
transpiration from these plants must therefore originate in the top layers
of the soil. Mature corn plants usually have roots that extend as much as
60 inches into the soil, and therefore they have a much greater potential
source to supply their water needs.

The soil levels from which transpiration occurs are determined by the
root depth value (DROOT) described previously. When the upper layers of
soil are dry, additional moisture can be taken from lower layers of the
soil up to but not exceeding the total root depth.

The physics of water movement within the soil may also limit the
transpiration rate. As the transpiration rate increases, greater stress is
put on the crop®s root system to abstract water from the soil. Transpira-
tion ordinarily occurs uninhibited as long as the soil moisture remains
high. However, if the transpirative rate is great enough, the roots may
have difficulty abstracting water even under moist soil conditions. The
potential daily transpirative uptake by the roots, EPMAX, is a calibrated
property of the soil type.

The effect of the soil moisture, transpiration rate, and soil physics
(as represented by EPMAX) on the transpirative uptake of water from a layer
of soil (UP;) is given by the function:

UP; = PUP; [(SW; - WP;)/(FC; - WP;)1 (EPMAX/PTR) 15)

in which PUP is that portion of the potential plant transpiration (PTR)
that applies to soil layer j. A simplified version of equation 15, repre-
senting the cumulative transpiration over all seven layers of the soil, is
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presented in figure 10. As the transpirative rate increases or the amount
of plant available soil moisture decreases, the ability of the plant to
withdraw the full amount of water from the soil is inhibited. In both
cases (equation 15 and figure 10), the value of PTR cannot exceed the maxi-
mum rate as designated by EPMAX. If the value of EPMAX were reduced (which
could be expected with a tight clayey soil), a proportional reduction in
the actual transpiration under limiting conditions would result.

Effect of Water Stress on Crop Growth. When the ratio between the
actual and potential transpiration is less than 0.8, plants are considered

to be under partial stress. Under these conditions the crop water stress
causes a reduction in the development of the plant, and the leaf-area index
for the following day reflects this reduced rate of growth. When the ratio
between actual and potential transpiration is less than 0.5, the plants are
under acute stress and no plant growth will occur. The amount of crop
growth is a linear function, ranging from 0% at a ratio of 0.5 to 100% at a
ratio of 0.8.

Actual Soil Evaporation. Soil evaporation occurs within the top two

layers of the soil column (to a depth of 6 inches) and is computed as a
two-stage drying process (Ritchie, 1972). Initially, following a rainfall
period in which the soil is wetted, evaporation is limited only by the en-
ergy available at the surface and thus occurs at the potential rate. After
a certain amount of drying of the upper layers of the soil, the second
phase of reduced evaporation begins.

The amount of water, ES1, which can evaporate during the First stage
(at the potential level) is a function of the soil properties. For most
silty-clay soils in lllinois a value of ES1 = 0.25 inches is appropriate.

The maximum evaporation that can occur during the second stage of
drying is a function of time:

ES2, = SEP [t°-° - (t-1)°-%] (16)

in which the evaporation (ES2) on day t is a function of SEP, a soil evapo-
ration parameter, and t, the number of days since the second stage of evap-
oration began. The soil evaporation parameter generally ranges from 0.13
inches for soils with low available moisture, up to 0.18 inches (Ritchie,
1972).
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GROUND WATER COMPONENT

The basic function of the ground water component of the PW is to
keep track of ground-water storage over an extended period of time and to
estimate the baseflow contribution of ground water to streams. Basically,
shallow water-table flow conditions and the resulting baseflow conditions
are simulated for watersheds which are predominantly covered with glacial
tills. The ground water component receives water that has percolated from
the soil moisture component and routes it along the watershed from the
highlands toward the lower areas. Stream and aquifer interactions and tile
drainage are extensively simulated in the PWM to calculate the ground-water
contribution to the stream network.

The nucleus of the ground water component of the PWM is an adaptation
of the ground-water resource evaluation techniques developed by Prickett
and Lonnquist (1971). The main rationale for using these techniques is
that all the special cases of ground-water movement studied by Prickett and
Lonnquist were based on a basic aquifer program intended for studying
cause-and-effect relationships in heterogeneous aquifer systems, with con-
stant pumpage taking place from wells simulated at any nodal point of the
digital model.

The basic aquifer simulation program is intended for analyzing cause-
and-effect relationships involving drawdowns or heads in a nonsteady-state,
nonhomogeneous, isotropic aquifer system under nonleaky, confined-aquifer
conditions. It is possible to make modifications to simulate anisotropic,
unconfined (water-table) aquifer systems with time-varying recharge or
withdrawals, stream and ground-water interface, capillary movement, and
tile drainage. It is also possible to include special conditions such as
barrier and recharge boundary conditions, as well as point withdrawal and
recharge rates.

Mathematical Derivation of Finite-Difference Equations

Continuity equations, equations of motion, and energy equations are
particularly useful in ground-water modeling. Continuity equations are
mathematical expressions of the principle of conservation of mass. In
ground-water applications, continuity equations are usually combined with
Darcy"s law of motion for a porous medium to yield a ground-water equation.
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Energy equations such as Bernoulli®s equation can be used effectively in
treating constant-head boundary conditions.

The time-varying conditions of the confined ground-water flow in a
two-dimensional, nonhomogeneous, anisotropic aquifer can be obtained by
combining Darcy®s law and the mass conservation principle as:

o oh o, oh, _o¢h
an (Tx 3},) + 3y (T}_ &}_) ] ac * Q an
where
T, and Ty = aquifer transmissivity in the x and y directions
h = head
t = time
S = aquifer storage coefficient

Q

In the case of a confined aquifer, T = K « b, where K is the perme-
ability coefficient and b Is the thickness of the aquifer as shown iIn

net ground-water withdrawal rate per unit area

figure 1la. Since the temporal variation of aquifer thickness b is con-
stant, the transmissivity of a particular location will remain constant
unless the head levels h remain within the aquiclude overlying the aquifer.
ITf the aquifer is unconfined at the top as shown in figure 11b, water is
released from storage by gravity drainage of the pores. Because of this
drainage, the saturated thickness b of the aquifer and therefore its trans-
missivity change with time. Therefore water-table conditions (unconfined
aquifers) are more difficult to model than confined aquifers because of the
additional free boundary of the water surface. Because the PW was de-
signed for shallow water-table conditions, only the derivations related to
unconfined (water-table) aquifers are discussed in the following sections.
There is no general solution to equation 17; however, a numerical so-
lution can be obtained through a finite-difference approach. The finite-
difference approach involves Tirst replacing the continuous aquifer parame-
ters by a set of discrete system parameters. Secondly, the equations gov-
erning the flow of ground water in the discretized model are written iIn the
finite-difference form. Finally, the resulting set of finite-difference
equations is solved numerically with the aid of digital computers.
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Figure 11. Generalized cross sections of a) confined aquifer
and b) unconfined aquifer, for ground-water flow modeling
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The Ffinite-difference grid iIs superimposed over a grid map of the
watershed, as illustrated in figure 12. The intersections (also called
nodes) of the Finite-difference grid lines of the aquifer system are
located at the centers of the square elements of the discretized watershed
map. The nodes are referenced with column (i) and row (Jj) coordinates, as
shown in figure 12, which correspond to the x and y directions, respec-
tively. Thus the aquifer is subdivided into volumes having dimensions
beAxeAy, where b is the depth of the saturated ground-water flow. 1T Ax
and Ay are sufficiently small, they can replace dx and dy of equation 17.
For practical reasons, Ax and Ay are considered to be equal in this model.
The accuracy of the model representation of the actual system is highly
correlated with the magnitude of Ax and Ay.

The flow rate terms Q; through Q;, as illustrated in figure 12, rep-
resent the node-to-node water transfer rates. Qs is the flow rate associ-
ated with the rate at which water is taken into or released from storage
during time interval At. Qs is the net constant withdrawal or recharge
rate at a particular node. The generalized flow rate term Q, accounts for
all other special conditions such as tile drainage and stream interface,
which are explained later in this section.

The continuity condition relating the flow rates entering and leaving
the node 1, of figure 12 can be expressed as:

Qi + Q3 +Qn=0Q2 + Qs + Qs + Qs (18)

where the flow directions are assigned arbitrarily. Although actual
ground-water flow In an aquifer can take place In any direction, flow In
the model is restricted to the x and y directions.

Each individual flow term In equation 18 represents a different por-
tion of the aquifer around a node. The portions of the aquifer included in
the flow-rate terms will be referred to as "vector volumes'" to emphasize
that they are not only volumes but also show the direction of the Flow be-
ing considered.

Horizontal proj ections of vector volumes Q:, Q», Qsz, and Q4 are
illustrated in figure 13. All the vector volumes in figure 13 extend the
full depth of the aquifer, b. Furthermore, each vector volume extends to
one-half of the grid interval on either side of a node. The horizontal
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projections of the vector volumes Qs, Qs, and Q, cover the area centered
around a node, as indicated by the dashed lines in figure 12, and they too
extend the full depth of the aquifer.

If Darcy®s law is applied to flow rate terms Q; through Q4, we get

Q = Ti.1,5,2 (hioq 5 - By 3) Ay/8x (19a)
Q = Ty 5,2 y § - hyyq 30 8y/8x (19b)
Q = Tj_'j”l (hi,j-l-l - hi,j) Ax /Ay (19¢)
Q = Ti 5.1,1 (hy 5 - by j.1) 8x/8y (19d)
where
Ti,j,» = aquifer transmissivity within the vector volume between
nodes i1,J and i,j+1
Ti,j,2 = aquifer transmissivity within the vector volume between

nodes i,j and i+l,j
hi,; = calculated heads at the end of a time increment, measured
from an arbitrary datum at node 1,]j

In the above expressions, i=1,...,NC and j=1, ,NR, where NC and NR
are the number of columns and rows in the discretized model, respectively.

The flow rate term Qs, representing the rate at which water is taken
into or released from storage, is given by

where
hO; ;j = calculated head at node i1,j, at the end of the previous time
increment At
At = time increment elapsed between calculations
Si,j = storage coefficient of the vector volume centered around node
i.j
The flow rate term Qs represents a constant net withdrawal rate

(positive) or recharge rate (negative) during At, for the vector volume of
node 1,j, as follows:
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Qs = W5 5 (21)

Flow rates due to pumpage, percolation, and evapotranspiration are
all consolidated in QP. Evapotranspiration rate is discussed later in this
section.

A special sink or source term Q, is added to represent tile drainage
and stream infiltration at a node. If such conditions do not exist; Q, can
be set to zero. Therefore

Qy = Qci'j - QTi,j (22)
where
QCi,j = stream infiltration rate at node i,j (positive for losing
stream conditions, and negative for gaining stream
conditions)
QTi,; = Tlow rate at which water is taken from storage due to tile

drainage from node 1i,]j

Methods for calculating the stream infiltration rate QC;; and the
tile drainage rate QT;; are explained later.
Substituting equations 19, 20, 21, and 22 into equation 18; dividing

both sides by the product of AxAy = Ax? (since, for practical purposes, we
assumed Ax=Ay); and rearranging terms yields

Ti-1,3,2 (hiopy - By p) + Ty g2 (hyyy 5 - By ) +
Ti,5,1 (g ga1 - by ) + Ty 51,0 by 5o - by y) (23)

= 83,5 (hy 3 - hOg ) ax? /e + QPy 5 - QC; j + QT4

Regrouping equation 23 to leave the principal unknown h; ;"s alone
yields

- 2
he 3 (Tia1,9,2 % Te,5,2 % e 5,10 + Tg 5-1,1 * Si,0%7/80)-
Bi1,3 Ti-1,5,2 - Pist,g T1,5,2 - Py 541 Ti,5,1 (24)

By jop Ti j-1,1 = (Sy,jA%2/At) hO; 5 - QBy 5 +QC; § - QT 4
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Equation 24 is the Ffinite-difference form of the partial differential
equation (see equation 17) for nonsteady-state, two-dimensional flow of
ground water in a nonhomogeneous, confined aquifer. Equation 24 can be
modified for water-table conditions by replacing the transmissivity values
with the equivalent aquifer transmissivities of the wedge-shaped vector
volume (as illustrated in Figure 14) by using the following formula:

Ti,j,2 = PERMy 3 o J(hy y - Zj y)e(hyyy 5 = Zi4q,5) (25)

where PERM; . is the hydraulic conductivity of the aquifer within the
vector volume between node points i,j and i+l1,j, and Z;; is the elevation
of the top of the impermeable zone at node point 1,j.-

Similarly, the equivalent aquifer transmissivity of the vector volume

between node points i,j and i,j+1 is given as:

Ty,j,1 = PERMy 5 4 NChy 5 - 25 3)e(by 441 - Zj j41) (26)

For water-table conditions, new transmissivity values for each node
should be calculated at the end of a time increment, and those values
should be used for the subsequent time increment. Transmissivities calcu-
lated by equations 25 and 26 represent geometric means and are more accu-
rate than the values computed as an average between nodes, especially when
the gradients are steep.

Solution of Finite-Difference Equations

Equation 24 can be applied to every node of the discretized model,
and therefore a large set of simultaneous equations must be solved to ob-
tain the water-table configuration (i.e., h;; values). A modified form of
the alternating-direction-implicit (ADl) method of Peaceman and Rachford
(1955) is used to solve the set of simultaneous equations. The details of
the ADI method are beyond the scope of this report, but the solution tech-
nique will be explained briefly. For a more detailed discussion of the ADI
method, readers should refer to Peaceman and Rachford (1955) and Prickett
and Lonnquist (1971).
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Briefly, the iterative ADI (IADI) method involves First, for a given
time increment, reducing a large set of simultaneous equations to a number
of small sets. This is done by solving the node equations of an individual
column by the Gauss elimination method while keeping all the related terms
in the adjacent columns constant. Since the set of column equations is
then implicit in the direction along the column and explicit in the direc-
tion orthogonal to the column, the solution of the set of column equations
is a straightforward process.

After all the column equations have been processed column-by-column,
the same procedure is applied to row calculations. After all equations are
solved row-by-row, an "'iteration” has been completed. This process of
solving column and row equations is repeated a sufficient number of times
for a convergence criterion to be achieved, and this completes the computa-
tions for the given time increment. Peaceman and Rachford (1955) point out
that this technique is unconditionally stable regardless of the size of the
time increment.

Strean/Aquifer Interface Simulation
As the subsurface water, originating as deep percolation from the

overlying soil moisture column, moves from the uplands to the lowlands and
the stream valley, it eventually intersects one or more stream channels and
seeps into the stream. This slow but continuous feeding of the stream is
referred to as the baseflow contribution of the ground water. Although the
process may seem very trivial, it is an important phenomenon, keeping
streams Flowing and providing water resources for our water supplies during
dry periods lasting days or even weeks. As mentioned previously, one of
the objectives of the PACE project was to simulate the variation in the
baseflow caused by artificially increased summer precipitation. Therefore
a comprehensive stream/aquifer interface algorithm was incorporated into
the PW to simulate baseflow, especially during dry summer periods.

The stream/aquifer interface algorithm was developed in such a way
that each discrete element on the watershed grid map designated as having a
channel segment could independently receive different amounts of water from
the subsurface storage during a specified time increment. Such a spatial
distribution of baseflow contribution from the subsurface flow to the



stream network was contemplated for the future use of these inflows in the
channel routing, if deemed necessary.

A typical discretized representation of a channel network in the ele-
ment/node grid system is illustrated in figure 15. The natural stream net-
work is replaced by contiguous straight line segments extending from one
node to another. It is essential that continuity of streamflow be main-
tained iIn the discretized scream model because the streamflow/aquifer in-
terface algorithm and the surface flow routing component are based on the
assumption that continuity of flow is maintained in the channel network.

It is strongly recommended that some of the utility software prepared to
verify the acceptability of the selected streamflow directions in the sur-
face flow routing component be used along with the streanw/aquifer interface
algorithm.

Each element designated as a channel element, indicated by the shaded
areas in figure 15b, is assigned certain parameters which explain the phys-
ical characteristics of that particular channel segment that are essential
in estimating subsurface water infiltration into the stream. These parame-
ters and theilr impact on the rate of stream infiltration are discussed
later in this subsection.

According to Walton and Ackroyd (1966) the stream infiltration rate
is directly proportional to the streambed area, the permeability of the
streambed, and the head difference between the water levels of the aquifer
and the stream. It is inversely proportional to the streambed thickness.
In equation form, the rate of infiltration through the streambed can be
expressed by the following modified form of Darcy"s law:

where
QCi,j = infiltration rate through the streambed for channel element
i.j
PERM; ; = hydraulic conductivity of the streambed for channel element
i.j

Ah; ; = head difference between the water level iIn the aquifer and

that in the stream in the channel element 1i,]j
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AC; j
TCi,j

streambed area through which infiltration can occur

thickness of the streambed

Actual and approximate representations of a channel element are il-
lustrated in figure 16. All the parameters used in equation 27 either are
measurable or can be calculated from the measured watershed parameters and
the calculated water-table conditions. Different values are used for the
hydraulic conductivity of the streambed than for the hydraulic conductivity
of the aquifer because the streambed material usually has different origins
than the aquifer material. The hydraulic conductivity and the thickness of
the streambed can usually be measured by a few Ffield and laboratory tests.
The streambed area, AC, through which infiltration can occur is calculated

as follows:
ACi,j = WCij = LCij (28)

where WC;; and LC;; are the width and the length of the stream segment,
respectively. The length LC;; of the stream segment in an element is
either AX or J2eaX, depending on the direction of the streamflow within the
element. As shown in figure 15b, the direction of streamflow in an element
is indicated by an arrow originating at the node point of that element. IFf
the flow direction is in the X or Y direction then LC = AX; if the flow
direction is diagonal then LC = 2eaX.

The head differential Ah is actually the difference between the
computed head in the channel element and the surface elevation of the
streamflow (see figure 16). However, this computation of Ah involves in-
corporating a variable boundary condition (the stream surface elevation) in
the computations. To avoid the complex modeling of that variable boundary
condition, Ah is approximated as the difference between the computed head
in the channel element and the elevation of the streambed Z, which can be
obtained easily from maps. This approximation is quite acceptable for
small watersheds where the streamflow depth is small, especially during dry
summer months. However, for large rivers, a stage-discharge curve is
needed for estimating the depth of the flow, d, and determining Ah.

IT the streambed elevations are used for determining Ah, then only
the gaining stream conditions can be simulated. As soon as the water head

in a channel element falls below the bottom of the streambed, Ah iIs set to
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zero and the streambed infiltration stops for that element. Streambed in-
filtration starts again when the water-table levels in that element rise
above the streambed elevations. This situation can be formulated as
follows:

ﬁh‘ ,j - hi,j - Zi,j i.f hi,J > Zi,j (29&)
&hy 5 - 0 ctherwise {2%b)
Combining equations 27 and 29 gives

QCi j = 0 otherwise (30b)

The characteristics of a channel element needed for modeling the
stream/aquifer interface and streamflow routing are represented by a number
of spatially varying parameters. In the PWM, the channel elements with
similar features are grouped together so the number of parameter combina-
tions can be reduced. This is done entirely on the basis of storage sav-
ings in the computer and is by no means a limitation of the model. Instead
of grouping the channel parameters, individual sets of parameters can be
used if detailed data are available. The Z values, which indicate the
ground elevation for regular elements (or nodes), are used to indicate the
streambed elevation of the channels for the channel elements.

The stream infiltration rates for the channel elements can not be
calculated directly since this calculation relies on knowledge of the
hi,j"s, which need to be obtained from the implicit solution of equation
24_. The head elevation for a new time increment is calculated by inserting
equation 30 into equation 24 and solving it by the IADI method. Following
that, the QC;; values are estimated by equation 30, by using the new h; j
values and assuming that the water-table configuration does not change dur-
ing the specified time increment as a result of channel infiltration. The
total baseflow from the watershed is then calculated by adding the stream
infiltration rates for all channel elements for the specified time incre-
ment.
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Tile/Interflow Simulation
As described earlier, subsurface flow has been conceptualized in two

parts. The First part is the slower horizontal movement of the ground wa-
ter which takes place in the deeper layers of the saturated zone. This
water provides the continuous baseflow for the streams. The second part is
the tile drainage flow (or interflow) which takes place in the top portion
of the subsurface flow, moves much faster than the deeper ground water, and
usually occurs immediately following a precipitation event. This flow con-
tributes to the fast rising of the streamflow hydrograph even if there is
not observed runoff in the watershed.

The tile-drainage/interflow is definitely not a Darcian flow. It
takes place through the man-made tile-drainage system or the cracks and
fissures within the soil. Therefore it is not so easy to incorporate this
flow into the governing equation of subsurface flow given by equation 24.
This is why the discharge (loss) term QT;; has been added in equation 24.
QT actually accounts for the amount of water drained from element i,j due
to tile drainage or interflow during the given time interval.

Tile drainage or interflow is assumed to be directly withdrawn from
ground-water storage and conveyed to the stream. This assumption is made
because most of the interflow travels through tiles and/or highly permeable
paths in the subsurface. Currently, no routing of the tile drainage or
interflow has been modeled, since all the water from this source is
expected to reach the watershed outlet at the end of the time increment.
However, tile-drainage or interflow withdrawals are calculated and stored
for each element in the watershed and can easily be used for routing pur-
poses by superimposing a tile-drainage grid map on the watershed map. This
was not done since detailed maps of the locations of drainage tiles in the
watershed were not readily available.

A cross section of an element, illustrating tile-drainage conditions
and the parameters involved, is shown in figure 17. To have a tile-
drainage or interflow withdrawal from a given element, the element should
be designated as a tiled element, and the water-table level at the end of
the previous time increment should be above the tiles. The rate of tile
drainage from the element is assumed to vary with the head of water above
the tile. The tile-drainage/interflow volume is simulated by using the
following equation for the elements designated as having tiles:
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Zi,j - 00q j

.QTi’j =cp o (1 - ——dt——) if (Z3 5 - 05 §) < 4 (3la)
QT; j= 0 otherwise (31b)
where
ct = potential rate of tile drainage in element
d¢ = depth of tiles from the ground

Equation 31 applies only to non-channel elements since channel ele-
ments are assumed not to have tiles.

The maximum tile drainage rate is equal to ¢ and can occur only when
the water-table level rises to land surface. The QT;; values for each el-
ement are calculated by using the water-table elevations obtained during
the previous time increment. These values are then inserted In equation
24, and new water-table levels are obtained for the current time increment,
assuming that QT values will not change during that time iIncrement.

The values of c; and d; can be obtained for watersheds which were
tiled in the past. Even then, obtaining current values for the potential
drainage rate of the tile system may be difficult because of breaking,
clogging, and other defects of the tile system caused by aging. In such
cases an appropriate design value may be obtained from handbooks on the
basis of soil type, kind of agriculture in use, and topography. This de-
sign value can then be reduced in accordance with the age of the system.

IT no reliable value is available for d¢, a value close to plant root depth
may be used since for most practical applications tiles are laid to dewater
the root zone of plants. If there is no reliable information on c. and/or
d¢, or if there is no tiling in the watershed but there is some interflow,
then these parameters need to be calibrated by using past streamflow
records.

Ground-Water Contribution to Soil Moisture

The simulation of soil moisture replenishment from ground-water stor-
age has been adapted from the ground-water evapotranspiration formulation
of Prickett and Lonnquist™s (1971) ground-water simulation techniques. In
the PW no direct evapotranspiration from ground-water storage has been
contemplated since no direct path between ground-water storage and the
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atmosphere has been included in the model. Therefore it any water is to
evapotranspirate from ground-water storage, it First has to be processed
through the soil moisture component.

In reality, ground-water evapotranspiration can occur concurrently
with deep percolation. That is, while the excess water within the soil
moisture component is being percolated down and s recharging ground-water
storage, water can also be withdrawn from ground-water storage by evapo-
transpiration through deep plant roots. In the PW this complicated pro-
cess was considered to be two separate processes and was modeled accord-
ingly.

In simple terms, the available soil moisture within the root zone,
the magnitude of evapotranspiration, and the deep percolation (if any) are
estimated by using the soil moisture component. If there is sufficient
water for deep percolation, the ground-water storage is recharged. IF,
however, the soil has a moisture deficit, the soil moisture component de-
termines the amount of water that can potentially be absorbed from ground-
water storage under existing conditions. This amount is called the poten-
tial capillary absorption (PCA). This process is indicated by the dashed-
line link between the soil moisture and ground-water components in figure
3, whereas the deep percolation is indicated by a solid line. The method
for estimating the potential capillary absorption rate was explained in the
section on the soil moisture component.

The potential capillary absorption rate is not the actual withdrawal
rate from ground-water storage, but the maximum rate that can be provided
under ideal conditions. The potential capillary absorption rate cannot
always be achieved because it is calculated by assuming that the soil just
below the root zone will be saturated. Therefore the ideal conditions are
such that the water-table level is near the land surface or just below the
lowest zone of the soil moisture component, which is usually considered as
the end of the root zone. If the water table is lower than the root zone,
the actual capillary absorption rate (ACA) should be calculated according
to the current depth of the water table. All capillary absorption is as-
sumed to cease below a certain depth, which is determined empirically. The
capillary absorption process and its variation with depth are illustrated
in figure 18. The actual capillary absorption rate is estimated by using
the following equation:
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Figure 18. Construction of the actual capillary absorption (ACA) function

63



+J
Z; :-h0 -RD

i,j i,j - (32b)

ACA - PCA (1 - )y if 2z -RD>h0,; ;>Z. ;-4
1] 1,] sh_—RD 1,3 1,32%1, 1 *Pax
ACAi’j =0 if hoi,j<zi,j'Ahmax (32¢)
where
ACA = actual capillary absorption rate
PCA = potential capillary absorption rate
Ahpax = depth from the land surface below which all capillary absorp-

tion ceases
RD = thickness of the root zone, which is taken as the total depth

of the soil column used in the soil moisture component

During each time increment, the model checks the output from the soil
moisture component. If there is deep percolation, the QP;; term in equa-
tion 23 (or 24) is set to the negative value of the deep percolation, since
recharge rates have to be negative in the model. On the other hand, if the
output from the soil moisture component indicates a moisture deficit, the
actual capillary absorption rate is calculated by using equation 32 and is
assigned to the QP;j term in equation 24 without its sign being changed.

The ACA value calculation is done by using the head elevations calcu-
lated at the end of the previous time increment. The depth from the land
surface below which all capillary absorption ceases usually varies with the
subsurface soil type and the depth of the root zone. In the model, Ahp
is set to 25 feet but can be changed if more detailed information is avail-

able.

Variable Time Increments

Subsurface flow of water is, by and large, much slower than surface
flow. Even the faster movement of water due to interflow and/or tile
drainage is slower than surface flow rates by several orders of magnitude.
Therefore it is quite common to use daily time intervals for analyzing
ground-water movement since hydraulic conditions change so slowly.

However, because of conditions that have been included in the nucleus
of the ground water component, some provisions were needed for handling

shorter time increments. The conditions that may require shorter time in-
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crements are the rapid swelling of the water table due to precipitation
(large percolation values); the rise of the water table above the land sur-
face, causing complete inundation of the land; and finally, tile drainage
or interflow.

wherever the deep percolation rates are high (for a particular soil
type), the time increments used in the ground-water simulations are reduced
in proportion to the magnitude of the deep percolation rate. IFf the ini-
tial time increment was At, then new time increments such as At" = At/2 or
At/4 would be used for simulating water-table elevations and tile-drainage
rates, by keeping the deep percolation rate the same until the end of At is
reached. The results can be used as they were simulated by using finer
time increments (At"), or average values can be obtained by the model for
At.

This method of time increment reduction is very effective in simulat-
ing wet conditions where land surface inundation and heavy tile-drainage
conditions exist. In cases where most of the root-zone saturation is elim-
inated due to interflow within less than one At period, the results would
be in error without using shorter time iIncrements.

Initial and Boundary Conditions

The solution of equation 24 by the IADI method requires specification
of the initial and boundary conditions for the watershed. The initial con-
ditions required for the solution are the water-table elevations at every
node. Such detailed information is usually unavailable for the whole wa-
tershed. In rural areas there frequently are no wells for tens of square
miles. ITf any observation or pumping wells exist, the data from these
wells can be used to estimate the water-table conditions at certain sea-
sons. Lakes and streams can also be helpful in estimating the initial
water-table conditions since they already represent some measurable bound-
ary conditions. What is suggested, in case no reliable initial condition
values exist, is to use whatever information is available, perform the sim-
ulations starting at a low—flow period, and continue a full cycle until the
next low-flow period is reached. In most cases the ground-water conditions
approach a steady-state condition if the simulations are performed over a
few cycles with the same data and with the results of one cycle used as the
initial condition of the next cycle.
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A watershed can be defined as an area from which all the water drains
through a single outlet. Although this definition is usually intended for
surface flow, iIn the PW it is used for a vertical column extending to an
impermeable layer below the land surface, thus including the ground water.
The physical surface boundaries of a watershed are clearly defined by the
topography. However, such distinct separation of the watersheds under-
ground is usually not possible. For all modeling and computational
purposes it has been assumed that the watershed is strictly bounded in
three dimensions.

The ground water component of the PW is intended to be used for
unconfined aquifer (water table) conditions. The ground-water flow that
affects the baseflow is assumed to occur within the top, most recent
glacial drifts. In most cases this glacial drift is not bounded by a
bedrock, but overlies an earlier drift. In either case, the boundary be-
tween the top and lower drifts is assumed to be an impermeable boundary
with no leakage and is referred to as the "bedrock.

The parameters of the watershed defined by the edges of the elements
centered around the nodes (/2 of a grid interval beyond the end node
points) are considered to be barrier boundaries. A barrier boundary is
defined as a boundary across which there is no flow of water. It should be
realized that the edges of the elements defined by i = NC and j = NR also
represent barrier boundaries. This type of boundary can be formed in the
model by assigning zero transmissivities outside the boundary of interest.
The storage coefficients should not be set to zero; if this is done, a zero
divide error will be generated by the computer program.

The use of barrier boundaries is based on the assumption that there
is no inter-watershed movement of water. This is simply an assumption that
the hydraulic head gradients at the watershed boundary are zero. In most
cases the natural water table more-or-less follows the land topography and
therefore forms a ridge at the highland watershed boundary, creating no or
negligible gradients. In the lowlands the water table is assumed to be
rather flat with the only significant gradient existing towards the
streams. Thus no water exchange occurs at the boundary.

Large bodies of water within the watershed can be simulated as
recharge boundaries. A recharge boundary is defined as a boundary along
which there is no drawdown or change in water level. This boundary is fur-
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ther assumed to fully penetrate the aquifer. This type of boundary condi-
tion is most easily handled in the model by assigning very large storage
coefficients to the nodes inside the boundaries.

A subroutine program is specifically prepared to handle variable
boundary conditions. Different combinations of boundary conditions can be
specified in this program, independent of the ground-water simulation pack-
age. IT the user wishes, each of the parameter grid elements can be as-
signed a special boundary condition within the data set.
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SURFACE FLOW COMPONENT

The surface flow component of the PWM can be used for modeling the
impacts of precipitation augmentation on surface flow conditions such as
stream peaks and duration. Unlike the soil moisture and ground water com-
ponents , the surface flow component is an event model and consequently is
meant to operate on a different time scale than the other two components.
The appropriate time increments that should be used with the surface flow
component are usually minutes or hours, whereas for the soil moisture and
ground water components the appropriate time increments are hours or days.
Because of these differences, simultaneous and continuous operation of all
three models would be very inefficient and time-consuming, since the speed
of computer execution would be highly controlled by the shorter time incre-
ments of the surface flow component.

To avoid possible complications due to simultaneous operation of all
three components, the surface flow component has been contemplated as an
auxiliary component which would be implemented only If hydrologic condi-
tions required it. This approach is also supported by the extensive phys-
iographic and hydrologic data requirements of the surface flow component.
Therefore the surface flow component remains idle during dry periods and
can be activated during storms If sub-hourly precipitation data are avail-
able. Due to these restrictions, testing and sensitivity analysis of the
surface flow component were not done. However, the computer codes have
been prepared, with the proper modifications, and can be implemented in the
PW when desired.

The general idea of the surface flow component is adapted from the
ANSWERS model (Beasley, 1977). ANSWERS is a distributed-parameter, event
model that is intended to simulate the behavior of watersheds immediately
following a rainfall event. Within its topographic boundary the catchment
is divided into a matrix of square overland elements as shown in figure 19.
Each element acts as an overland flow plane having a fixed slope and slope
direction. Channel flow occurs through a continuous link of channel ele-
ments superposed over the overland flow elements. The channel elements are
shown by asterisks in figure 19. Flow from one overland element can go to
an adjacent overland or channel element, whereas all the overland flow
within a channel element must flow into the channel segment in that ele-
ment. Flow out of a channel element goes into the next downslope channel
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element. Channel elements also can receive flow from tile drainage and
ground-water infiltration. Each overland and channel element must have a
drainage outlet. In other words, ponding is not permitted by the model.
The parts of the ANSWERS model that have been used in the PW are the
square-grid-element structure with fixed slope and slope directions, and
the flow routing scheme used for overland and channel flow routing. Most
of the other features of the ANSWERS model such as infiltration, intercep-
tion, baseflow, and tile flow have either been modified or are handled more
efficiently by the other two components of the PWM. As used in the PWM,
the surface flow component is a pure surface flow simulator that deals only
with the overland and channel flow routing immediately following a rainfall
event. It is structured in such a way that any new features needed for
water quality and sediment transport simulations can easily be installed.

Overland Flow Elements
An overland flow element is conceptualized as an overland flow plane

at the top of a vertical column of watershed elements, as illustrated in
figure 20. It is characterized by slope and slope direction, grid size,
surface roughness, coordinates, and/or flow sequence order. A computer
program (TOPO) has been developed which can use the topographical surface
elevations of the corners of the elements and compute the slopes and the
slope directions of the elements. The slope direction of an element is the
angle a in degrees measured counterclockwise from the positive horizontal
axis as shown in figure 20. The slope direction is used for determining
the fraction of outflow from that element going into the adjacent row and
column elements as follows:

B=(0 N - o) 33

where N — quadrant number, and

tan 8
2

RFL = if 8 g 45 (34a)

ta 0-

RFL =1 - 2 if 45 < 8 < 90 (34b)

where RFL = the fraction of outflow going into the adjacent row element.
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Figure 20. Partitioning of overland flow with respect to slope direction

in the overland flow element

71



The horizontal and vertical components of the outflow from the ele-
ment can then be calculated by:

Qu = Q = RFL (352)
Qv = Q(I-RFL) (35b)
where
Qq = horizontal component of the outflow
Qv = vertical component of the outflow

total outflow from the element

Q

Outflow from overland flow is not permitted to go into the adjacent
diagonal elements.

The slope directions are also used in determining the flow sequence
order (FSO) of the elements. The FSO basically controls the seguence in
which the flow routing computations are performed on any element. For
example, an element with an FSO of N can receive flow from elements with
FSO values of less than N. Since during any given time interval the out-
flow from an element is also the inflow to adjacent downstream elements, it
is necessary to calculate the outflows starting from the upstream elements
(with smaller FSOs) to be able to perform routing on the downstream ele-
ments (with larger FSOs). This is achieved by starting the routing on
elements with FSOs — 1, since they are usually the boundary elements where
the only inflow is due to precipitation, and then proceeding with increas-
ing FSOs. The computer program ORDER reads the output from the program
TOPO, calculates the RFL and FSO values of the elements, and sorts them
according to their FSO values.

The overland flow routing is performed by using Manning®s equation in
conjunction with the continuity relationship. Water in excess of retention
storage is assumed to flow in the direction of the maximum slope in accor-
dance with Manning®s equation. The detention volume (water In excess of
retention storage) is considered to be spread uniformly over the element,
and thus the hydraulic radius of the detention flow is approximated by the
detention storage depth (wide-channel assumption). Therefore the total
overland flow rate is:
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- L.a86 . 5/3 172 (36)

Q,j Ny j 1,3 i,j
where
Qi,j = outflow (total overland flow rate)
ni,j = Manning"s roughness coefficient for overland flow
AX = element size (width of overland flow)

Di,j = Tlow depth (detention storage depth)
SLi,j = slope

i.j = element column and row numbers

The flow depth D in equation 36 is actually the runoff volume
(detention volume) computed in the soil moisture component plus the inflow
from the adjacent elements divided by the surface area of the element.
However, to provide an efficient solution for the explicit solution of the
continuity equation, the flow depth will be calculated in terms of deten-
tion volume. The details of this calculation are given in the presentation

of the solution technique for the continuity equation.

Channel Flow Elements

Channel elements are considered to be dual elements with the charac-
teristics of channel and overland flow. The flow routing is still per-
formed by using Manning"s equation of the form shown in equation 36 and the
continuity equation, except that the definitions of the parameters are
slightly different.

Each channel element may have only one rectangular channel segment
with a specified slope direction, channel bottom width, and Manning®s
roughness coefficient for the channel bottom. Besides that, the outflow
from a channel element has to go to another downstream channel element.
Outflow proportioning, which can be used with the overland elements, is not
permitted, but diagonal flow to downstream channel elements is permitted.
Slope direction must be one of the cardinal angles between 0 and 360 de-
grees with 45 degree increments, i.e., 0, 45, 90, ..., 315, 360 degrees.
The length of the channel segment (LC) is equal to AX if the slope direc-
tion aligns with the x or y direction, or is equal to Jd2 « AX if the slope

direction is diagonal.
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The FSOs of the channel elements are determined similarly to those of
the overland elements, but since channel elements can only receive inflow
from adjacent overland and upstream channel elements (they cannot flow into
an overland flow element), they are sorted and placed behind the stack of
sorted overland elements. This is usually done by adding a large number
like 900 to their FSOs. The flow routings for the channel elements are
performed only after the routing computations for ail overland elements are
completed. Usually the highest FSO for the watershed belongs to a channel
element which is the outlet of the catchment area.

As with the overland flow elements, channel flow is assumed to con-

form to Manning"s equation, for which the discharge is as follows:

Q5 -iﬁ VG; Dciﬁ’ sr.i{jz (37)
where
Qi,j = outflow (discharge from the channel element)
nci,j = Manning"s roughness coefficient for the channel
WCi,; = width of the channel bottom
DCi,j = channel flow depth

The channel flow depth is the total detention volume (excess
precipitation plus inflows from adjacent elements) divided by the channel
segment area LC « WC. As with overland flow, the channel flow depth is
represented differently for computational convenience.

The channel elements are fTirst treated like overland flow elements,
and their detention storages are calculated on the basis of the excess pre-
cipitation falling on the element and the inflow from adjacent elements.
The total overland flow from a dual element is, however, collected in its
channel segment together with the inflow from the upstream channel segment.
The inflow from ground-water infiltration and tile drainage is also col-
lected in the channel segment. No overland routing is performed for dual
elements, but channel routing is performed on the basis of the channel
FSOs.
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Surface Flow Routing Equations

During each time increment At, the continuity of inflow and outflow
and the rate of accumulation of storage are calculated for each overland
flow element and channel segment by using the equation of continuity:

I - Q = d(storage)/dt (38)

where 1 and Q are the inflow and outflow rates, respectively, and
d(storage)/dt is the time rate of change of the storage in the element.
Equation 38 can be written in discrete form for average inflow, outflow,
and storage terms within a small time interval At as:

(11 + 12) (Ol + Q2) (82_-_81)
2 2 - At (39)

where 11, Q1, and S1 are the inflow, outflow, and storage values at the end
of the previous time increment and are therefore known. For overland flow
elements, 12 consists of accumulated discharge (Q1) from adjacent overland
flow elements plus net rainfall. For each channel element, 12 consists of
the 12 of i1ts dual overland element plus the flow from the upstream stream
segments, as well as ground-water infiltration and tile drainage. Since
for the current time increment all the elements of the 12 are calculated or
estimated, we can combine all the known terms to obtain:

mS =12+ T1+23 . q1 . (40)
Furthermore, combining equation 39 with equation 40 gives:

82
FHS = Q2 + 2 at (41)

where Q2 and S2 are the unknown values. The second equation needed for
solving Q2 and S2 is given by equation 36 or 37, depending on the type of
element.

For practical purposes, the flow depth D or DC in equations 36 and 37
IS expressed iIn terms of SST = 2(S2)/At. Thus equation 41 becomes:
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FHS = Q2 + SST (42

Neglecting the element subscripts, equations 36 and 37 can be rewrit-
ten for overland and channel flow elements, respectively, as:

Q2 = B, = SST°/3 for overland flow elements (43)
where
5/3
1.486 At 0.5
Bo = "0 4% G2 SL (&44)

is the modified conveyance factor for the overland flow, and

Q2 = B, = SST°/3 for channel flow elements (45)

where

ac 2’3 0.5

B, = 1.486 e 5L (46)

< ne (Z-WCoLC)
is the modified conveyance factor for the channel flow.

Equations 42 and 43 or 45 should be solved simultaneously for SST and
Q2 for all elements iIn the watershed. This requires an implicit solution
technique, which iIs iterative and very time-consuming. The solution re-
quires an initial estimate for SST, which is obtained by projecting the SST
of an element at the end of the previous time increment by adding the in-
cremental SST (ASST) during the previous time iIncrement.

An iterative solution of the continuity and Manning®s equations can
be obtained by using the Newton-Rapson iterative method, but this method is
very lengthy. However, a direct and explicit solution is available if SST
and Q2 are assumed to be linked with a depth-discharge relationship. If
the discharge is assumed to be proportional to depth or depth squared and
the flow is turbulent so that Manning"s equation can be applied, then a
"'segmented curve' method suggested by Huggins et al. (1976) can be used.

In this method, discharge is taken proportional to depth to the 5/3 power,
to obtain a direct explicit solution by avoiding lengthy iterations. This
procedure, the details of which are presented below, basically employs a
piecewise linear segmented curve to approximate Manning®"s equation and
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thereby eliminates the iteration process that would otherwise be necessary

for solving the continuity equation.

Direct Solution of Continuity Equations by Linearization

The direct solution of the continuity equation by the segmented curve

method will be explained In a step-by-step procedure.

1.

Determine the average slope SL and the average Manning®s roughness
coefficient n for the watershed. This can be done by averaging slopes
and roughness coefficients of each element over the entire watershed or
by obtaining separate values for overland and channel flow elements.
Determine the average modified conveyance factors of the watershed as:

3/3 0.5
= 1,486 At -
B=T75 e Gu7) oS “n

where n is the average Manning®s roughness coefficient of all the ele-
ments in the watershed. B values for overland and channel flow
elements can be obtained and used separately if the variation between
them is significant; otherwise a single B value is used for the entire
watershed.

Choose a maximum expected runoff, Qpax- From the watershed. Since the
element with the highest FSO will have to pass Qnax, €verything must be
designed according to that discharge.

Assume that the maximum detention storage SST,ax can be obtained with B
and Quax- Then by equation 43 or 45 we have:

3/5
SST - (Qmax) (48)
max -E

Now divide the range O to SST,»x into NQ equally spaced intervals to
obtain:

3/5
SST
- —max _ 1 %ﬂﬁ
SC §Q ¥ 3§ (49)
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Remembering that Q2 = B = SST%/3, we can generate a piecewise linear
curve with the abscissa being (m - 1) SC, m=1, ..., NQ + 1 and ordi-
nates QA, = [(m-1) SC]*® as shown in figure 21.

6. Estimate the storage for the next time increment by using the storage
and the incremental storage at the end of the previous time increment
as:

ssTt*1 o ss1%4+ assTt (50)
est

7. The SSTest lies between sections m and m + 1 of figure 21 where

ﬁ“‘ +1 (51)

8. Now let"s enlarge the area between sections m and m + 1 (see figure 22)
and define the two new variables as shown on that figure:

QL = B; ; Q4, (52)
QD = By 5 (Qhpyp - QAy) (53)

where B;; is the calculated conveyance factor of element i,j.

By proportion from figure 22 we get:

240 QD
aSC ~ SC _ (54)

where ASC = SSTese - (M - 1) SC, or, by definingY =m - 1:

ASC = SST, ., - YeSGC (55)
Therefore
SST__,.~Y*SC
4Q =~ QD T sc (56)
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9.

10.

From figure 22 the flow Q2 from an element is
Q2 = QL + AQ G
By defining SCI = 1/SC and inserting equation 55 into 56 we get

Q2 = QL + QD*SCI*SSTest — Y*QD (58)
Substituting equation 57 iIn equation 43 or 45 gives

SST = FHS - Q2 (59)
and assuming SST.st = SST, we get

- FHS - OL + QDY . |
ST = = ¥ qpesct (60)

Since equation 60 gives the corrected storage in an element, we can now
insert it back In equation 59 for the SST.: Vvalue and obtain Q2 after
rearranging the terms as

Q2 = QL + QD (SCISST - Y) (61)

IT SST > 0, equation 61 is used to calculate Q2. Otherwise, Q2 is set
equal to zero. In some cases where the retention storage of an element
is known, SST can be replaced by SST-RET, where RET is the retention
storage. In that case Q2 should be set equal to zero if SST-RET < O.

To implement this algorithm, the SC value and the QA array should

Tirst be determined and stored in the program. Then for any element, the

SSTest Value and consequently the QL and QD values should be obtained. In-

serting these values in equation 57 yields the corrected SST value, and fi-

nally the Q2 value can be obtained by substituting the SST value in equa-

tion 61. This procedure must be repeated for each element in order of the

magnitudes of their FSOs.
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DATA INPUT

The PW is a quasi-distributed-parameter model that requires an ex-
tensive amount of data. Actually, the most difficult part of implementing
the PW is to prepare the data input files. The data files used by the PW
provide a very detailed description of the watershed surface and subsurface
topography, drainage networks, soil and crop types and their distributions,
surface and channel conditions, and subsurface characteristics. In addi-
tion to physiographic information, extensive amounts of data pertaining to
climatic conditions are needed. Although the volume of data used by the
model is large, most of the data are readily available through USGS topo-
graphic maps, county soil maps, well-drilling logs, aerial photographs, and
records of meteorological stations. The data needed for the PWM should be
obtained from field measurements, available maps and records, or calibra-
tion studies performed on watersheds with similar features, so the model
can be implemented for new watersheds with no streamflow records.

Input information required for the implementation of the PW is
grouped under four major data Files:

Element information file

Climate information file

Soil information file

Crop information file

Element Information File

The element information file is used by the surface flow and ground
water components and is the second-largest data file used in the PM. (The
climate information file is the largest.) It contains most of the informa-
tion about the element coordinates; surface slope and slope direction; ele-
ment type (overland or channel flow); type of soil, surface, and channel in
each element; initial and boundary conditions; surface and subsurface to-
pography; and tile drainage parameters (where applicable). Because of its
wide and extensive coverage of information, preparation of this data file
is time-consuming. The element information file also contains some global
information needed by the ground water and surface flow components, such as
the total number of overland and channel elements (or total number of nodal
points), grid size, and time increments for the ground and surface flow
routing computations.
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Most of the iInformation needed for the element information file is
obtained by using the corner elevations of the watershed elements. Corner
elevations are obtained by overlaying the grid map on a topographical map
of the same scale. This information is then input to the TOPO program to
obtain the slope and the slope direction of the grid elements, as well as
the fraction of the surface flow going to adjacent elements. The output
from TOPO is not sorted with respect to flow sequence of the elements, so
it is processed through the ORDER program, which sorts the elements accord-
ing to their FSOs. Other information pertaining to the soil, crop, sur-
face, and channel types and to initial and boundary conditions is entered
manual ly either before or after using ORDER.

Attached to the element information file are three secondary files
which are accessed through the element information file: a) channel file;
b) soil file; and c) surface fTile.

The channel file contains the widths, Manning®s roughness coeffi-
cients, thicknesses, and permeability coefficients of the bottom deposits
for all the channel types included in the element information Ffile.

The soil file contains subsurface soil permeability and storage coef-
ficients for all the soil types included in the element information file.
A different soil file from the soil information file is used iIn the element
information file, for better representation of the vertical variation of
the soil properties in the top layers of soil (up to 6 feet depth) and the
deeper subsurface soil. Each soil type entry in this file is actually a
combination of soil and crop types used in the soil moisture component.
Actually, crop type has no effect on the subsurface permeability and stor-
age coefficients, but the same soil types with different crop types have
different transpiration and thus different deep percolation values.

Finally, in the surface file, the surface Manning"s roughness coeffi-
cients of the overland elements are given. The roughness of the overland
elements is assumed to vary with different crop types and farming prac-
tices.



Climate Information File

The climate information file is the largest file used in the PWM.
The following data are stored in this file:

1. Average daily temperature, which Is an arithmetic average of the daily
maximum and minimum temperatures.

2. Daily or sub-hourly precipitation data.

3. Mid-afternoon wind speed.

4. Relative humidity, measured at its minimum level during mid-afternoon.

5. Total possible sunshine in minutes per day. This value is constant for
any day of the year.

6. Actual percent of possible sunshine, calculated as a function of the
observed cloud conditions.

Although the volume of the data included in the climate information
file is large, the data are usually available from a single source. The
most common source is local climatological data, which are available for
all first-order National Weather Service stations. The hourly precipita-
tion data can be obtained from the National Weather Service.

Almost all the data included in the climate information file are mea-
surable and need no calibration. In the case of missing data, estimates
are obtained in correlation with data for available neighboring stations.

Soil Information File

The soil information file contains two sets of parameters. The Ffirst
set pertains to initial or average conditions which can be obtained from
county survey maps; these are needed for the soil calibration process. For
any given soil type, the following initial conditions are required: perme-
ability, saturation, and plant available soil moisture (volume of water be-
tween the field capacity and the wilting point) for various depths of soil.
These initial conditions are required only if the particular soil type has
not been calibrated earlier. If calibrated parameter values are available,
the initial conditions are not needed in the soil information File.

Calibration is performed for all soil parameters by using soil mois-
ture measurements for a period of four to five years. The following soil
parameters are calibrated and added to the soil information file:
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Soil evaporation (a function of soil texture)
Unsaturated hydraulic conductivity
SCS curve number (moisture condition 1)
Potential daily transpirative uptake by roots, EPMAX (a function of
soil texture)
Permeability (for 7 soil layers)
Wilting point (for 7 soil layers), in percent of total soil volume
Field capacity (for 7 soil layers), in percent of total soil volume
Upper limit of storage (saturation) (for 7 soil layers), in percent of
total soil volume

Once these soil parameters are calibrated they may be considered as

permanent values, and they can then be used with soils of similar charac-

teristics without further calibration.

Crop Information File

Parameters used in the crop information file are not measurable, but

all are obtainable from certain handbooks or reference manuals. The crop

parameters are used to describe the root distribution and the growth stage

of a particular crop type. These parameters are:

1.

Root distribution at time of maximum growth, for a given crop type, as

a percent of the total root distribution within each of the seven soil

layers. One suggested reference for this parameter is Users Manual for
SPAW (Saxton et al., 1984).

Distribution of leaf-area index (LAI) through the entire calendar year.
LAl is usually input as a discrete function in the form of

DAY: 1 122 135 15¢ ..., 365
LAI: 0 0 0.3 0.5  ...... 0

The LAl values in between the given points are interpolated by the pro-
gram. LAl values can be obtained by using the crop growth stage curves
in Irrigation Water Requirements (U.S. Department of Agriculture, Soil

Conservation Service, 1970).

Both parameters may vary from year to year, depending on the planting

date, and from one crop to another.
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SUMMARY

The PWM, a physically based quasi-distributed-parameter watershed
model, has been developed for simulating impacts of increased precipitation
on agricultural products and water resources.

The hydrologic processes that can be simulated by the PW are infil-
tration, evapotranspiration, soil moisture, ground-water flow, and surface
flow. The model can use variable time steps, enabling it to operate as ei-
ther a sequential or an event model. The model is also capable of handling
a wide range of watershed areas. The only limitation in using short time
intervals (required for operation as an event model) and large watershed
areas iIs the amount of data preparation needed, computer time required, and
storage restrictions.

The PWM is also capable of optimizing necessary soil parameters if
sufficient records of measured soil moisture are available. Once a partic-
ular soil type is calibrated, this information can be applied directly to
other locations that have the same soil properties. Most of the remaining
parameters used in the model are measurable.

The inputs to the model are precipitation; climatic factors (temper-
ature, wind speed, cloud conditions, and relative humidity); and crop dis-
tribution. [Initial conditions such as soil types, topography, water-table
configuration, drainage network, and watershed boundaries are also input to
the model. The model outputs are soil moisture distribution at the top 6
Teet of soil; crop development and crop water use; evaporation; deep perco-
lation; baseflow; streamflow; and water-table configuration.

Future developments and applications recommended for the PW are:

1. Improve the method for estimating average runoff, given daily precipi-
tation values.

2. Improve the feedback mechanism between soil moisture and plant growth.

3. Develop the software necessary for the PW to be used in forecasting in
a real-time operation mode.
Test the surface flow component extensively.

5. Calibrate a variety of soil and crop types in Illinois.

6. Apply the PMWM to a wide range of watersheds.

7. Improve the surface flow component to handle sediment and chemical
transport.
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This report covers the development of the PMM. Calibration and test-

ing of the model components for a small watershed in Illinois, and the sim-
ulation results for several cases of weather modification, are discussed iIn

the accompanying report, PACE Watershed Model (PWM): Volume 2, Weather

ModificationSimulations.

87



REFERENCES

Beasley, D.B. 1977. ANSWERS: A Mathematical Model for Simulating the
Effects of Land Use and Management on Water Quality. Ph.D. Thesis,
Purdue University, West Lafayette, IN, 266 p.

Beven, K.J., R. Warren, and J. Zaoui. 1980. SHE: Towards a Methodology
for Physically-Based Distributed Forecasting in Hydrology. In
Hydrological Forecasting, IAHS Publication 129, pp. 133-137.

Crawford, N.H. 1971. Studies in the Application of Digital Simulation to
Urban Hydrology. Hydrocomp International, Inc., Palo Alto, CA.

Crawford, N.H., and R.K. Linsley. 1966. Digital Simulation in Hydrology:
Stanford Watershed Model 1V. Technical Report 39, Department of Civil
Engineering, Stanford University, Stanford, CA.

Doorenbos, J., and W.O. Pruitt. 1977. Guidelines for Predicting Crop
Water Requirements. Food and Agriculture Organization of the United
Nations (FAO), Irrigation and Drainage Paper 24, 144 p.

Frevert, D.K., R.W. Hill, and B.C. Braaten. 1983. Estimation of FAO
Evapotranspiration Coefficients. Proceedings of the ASCE, Irrigation
and Drainage Division 109(2), pp- 265-273.

Green, W.A., and G.A. Ampt. 1911. Studies on Soil Physics, I, The Flow of
Alr and Water through Soils. Journal of Agricultural Science, 4, pp-
1-24.

Holtan, H.N., G.J. Stiltner, W.H. Henson, and N.C. Lopez. 1975. USDAHL-74
Revised Model of Watershed Hydrology. U.S. Department of Agriculture,
Agricultural Research Center, Technical Bulletin 1518.

Huggins, L.F., T.H. Podmore, and C.F. Hood. 1976. Hydrologic Simulation
Using Distributed Parameters. Purdue University Water Resources
Research Center Technical Report 82, 59 p.

James, L.D., D.S. Bowles, and R.H. Hawkins. 1982. A Taxonomy for
Evaluating Surface Water Quantity Model Reliability. International
Symposium on Rainfal l-Runoff Modeling, May 18-21, Mississippi State
University, Mississippi State, MS.

Lager, J.A. et al. 1971. Storm Water Management Model, Volume 1. PB-203
289, U.S. Environmental Protection Agency, Water Quality Office.

Linsley, R.K. 1982. Rainfall-Runoff Models - An Overview. In Rainfall-
Runoff Relationship (V.P. Singh, ed.), Water Resources Publications,
Littleton, CO, pp. 3-22.

Liou, E.Y. 1970. OPSET: Program for Computerized Selection of Watershed

Parameter Values for the Stanford Watershed Model. Water Resources
Institute, Research Report 34, University of Kentucky, Lexington.

88



Overton, D.E., and M_.E. Meadows. 1976. Stormwater Modeling. Academic
Press, New York, NY.

Peaceman, D.W. , and H.H. Rachford, Jr. 1955. The Numerical Solution of
Parabolic and Elliptic Differential Equations. Journal of the Society
of Industrial and Applied Mathematics 3(2), pp- 28-41.

Prickett, T.A., and C.G. Lonnquist. 1971. Selected Digital Computer
Techniques for Groundwater Resource Evaluation. [Illinois State Water
Survey Bulletin 55.

Renard, K.G., W.J. Rawls, and M_.M. Fogel. 1982. Currently available
Models. In ASAE Monograph No. 5: Hydrologic Modeling of Small
Watersheds (C.T. Haan, H.P. Johnson, and D.L. Brakensiek, eds.), pp-
507-522.

Ritchie, J.T. 1972. A Model for Predicting Evaporation from a Row Crop
with Incomplete Cover. Water Resources Research 8(5), pp- 1204-1213.

Saxton, K.E., P.F. Brooks, R. Richmond, and J.S. Romberger. 1984. Users
Manual for SPAW -- A Soil-Plant-Air-Water Model. USDA-SEA-AR,
unpublished manual .

Shafer, J.M., and R.L. Skaggs. 1983. Identification and Characterization
of Watershed Models for Evaluation of Impacts of Climate Change on
Hydrology. Pacific Northwest Laboratory, Richland, Washington.

U.S. Army Corps of Engineers. 1972. Program Description and Users Manual
for SSARR Model Streamflow Synthesis and Reservoir Regulation.
Program 724-K5-G0010.

U.S. Army Corps of Engineers. 1973. HEC-1 Flood Hydrograph Package, Users
and Programmers Manual. HEC Program 723-X6-L2010.

U.S. Department of Agriculture. 1980. CREAMS: A Field-Scale Model for
Chemicals, Runoff, and Erosion from Agricultural Management Systems
(W_H. Knisel, ed.). Conservation Research Report 26, 640 p.

U.S. Department of Agriculture, Soil Conservation Service. 1972. National
Engineering Handbook, Section 4: Hydrology, 548 p.

U.S. Department of Agriculture, Soil Conservation Service. 1973. Computer
Program for Project Formulation Hydrology. Technical Release 20.

U.S. Department of Agriculture, Soil Conservation Service, Engineering
Division. 1970. Irrigation Water Requirements. Technical Release
21.

U.S. National Weather Service, Office of Hydrology. 1972. National

Weather Service River Forecast System Forecast Procedures. NOAA
Technical Memorandum NWS HYDRO-14, 1972.

89



Walton, W.C., and E.A. Ackroyd. 1966. Effects of Induced Infiltration on
Water Levels in Wells during Aquifer Tests. University of Minnesota
Water Resources Research Center Bulletin 2.

Williams, J.R., A.D. Nicks, and J.G. Arnold. 1985. Simulator for Water

Resources in Rural Basins. Journal of Hydraulic Engineering 11(6),
pp. 970-986.

90



	CONTENTS
	Introduction
	Objectives
	Desired Attributes for the PACE Watershed Model (PWM)
	Need for a New Model
	End Products of the PWM
	Acknowledgments

	Evaluation of Various Available Models
	Major Hydrologic Simulation Models
	Rainfall/Runoff-Event Simulation Models
	Process Models
	Model Selection

	Model Description
	Hydrologic Processes Modeled in Each Component
	Spatial Distribution and Resolution of Catchment Parameters
	General Assumptions

	Soil Moisture Component
	Soil and Crop Parameters
	Infiltration
	Distribution of Soil Moisture
	Percolation
	Reference (Potential) Evapotranspiration

	Ground Water Component
	Mathematical Derivation of Finite-Difference Equations
	Solution of Finite-Difference Equations
	Stream/Aquifer Interface Simulation
	Tile/Interflow Simulation
	Ground-Water Contribution to Soil Moisture
	Variable Time Increments
	Initial and Boundary Conditions

	Surface Flow Component
	Overland Flow Elements
	Channel Flow Elements
	Surface Flow Routing Equations
	Direct Solution of Continuity Equations by Linearization

	Data Input
	Element Information File
	Climate Information File
	Soil Information File
	Crop Information File

	Summary
	References



