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ABSTRACT

Bonazountas, M. and J. Wagner (1981); "SESOIL: A Seasonal Soil Compartment
Model," Arthur D. Little, Inc., Cambridge, Massachusetts 02140
Prepared for U.S. Envirommental Protection Agency, Office of Toxic Substances
Contract No. 68-01-6271

SESOIL is a '"user-friendly" statistical mathematical model designed for long-
term environmental pollutant fate simulations that can describe: water
transport (quality/quantity); sediment transport (quality/quantity); pollutant
transport/transformation; and soil quantity. Simulations are performed for a
user specified soil column (designated as compartment), extending between the
ground surface and the lower part of the saturated soil zone of a region. The
simulation is based upon a three-cycle rationale, each cycle being associated
with a number of processes. The three cycles are the: (1) water cycle which
takes account of rainfall, infiltration, exfiltration, surface runoff, evapo-
transpiration, groundwater runoff, snow pack/melt and interception, (2) sediment
cycle which takes account of sediment resuspension (because of wind) and sediment
washload (because of rain storms), and (3) pollutant cycle which takes account of
convection, diffusion, volatilization, adsorption/desorption, chemical degra-
dation/decay, biological transformation/uptake, hydrolysis, photolysis, oxi-
dation, complexation of metals by organics and nutrient cycles. Model
development has been sponsored by the U.S. Environmental Protection Agency and
has been validated--as an unsaturated soil zone pollutant transport model--at
waste land treatment disposal sites. The entire model development has not yet
been accomplished; however, certain model features are operational.

Key words: SESOIL, mathematical modeling, pollution, soil quality, ground-
water, pathways, land treatment, waste disposal, multi-media
modeling.
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INTRODUCTION

Preamble Notes

This modeling effort and its documentation have been accomplished
at an expense (professional time, all other expenses) of less than
$70,000 and, as such, they should be evaluated or criticized
correspondingly.

This documentation is a preliminary draft and has not been publicly
released by the U.S. Environmental Protection Agency; however, it
has been circulated to scientists focr comments on its technical
approach. Since model developers have not published their original
work, quotations related to SESOIL or the processes described in
this documentation must be referenced (Bonazountas and Wagner
1981) as indicated in the abstract.

All models are good as long as: (i) users are aware of the
assumptions upon which they have been developed; and (ii) they are
employed and applied appropriately.

SESOIL is a "user-friendly' model that can be operated with very few
input data, mostly available from government records or other
literature (e.g., handbooks). This has been achieved with a
sophisticated mathematical description of all SESOIL processes, a
task that has exceeded previous similar efforts of the literature.
However, "amateur (modelers) can do more harm than city fellers on
a farm" (Groundwater 1981); therefore, potential users should be
careful when employing this friendly and easy to use package.

Most environmental models of the literature can be '"forced" by
their developers to predict almost exactly what their developers
desire to predict--via calibration coefficients; this is not a
secret among modelers. In that respect, SESOIL is at an ad-
vantageous position because no calibration coefficients accompany
its theory; however, users should validate model predictions with
available data as far as possible. (See also Section 3.4.)

The authors intend to continue improving SESOIL--both in its newly
developed scientific basis and its range of applicability--and to
update this documentation as appropriate. In that respect, they:
(a) solicit any critical review, and (b) kindly ask users to make
sure to have the latest version of the model code.

SESOIL has been carefully developed and its software has been
tested; however, the ultimate responsibility for its use rests with
the user, since this 1s the first version of the model, and
developers have not repeatedly applied the model to the real world.
However, developers intend to correct any errors which users may
report.
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. This SESOIL version presents only a subset of all model features.
The computer code, therefore, contains control nodes and dummy
statements and loops that will facilitate potential future de-
velopment. It would be inappropriate for a user to modify the code
without notifying model developers, because this may result in
incorrect calculations.

. Roughly speaking, this version of SESOIL can be employed as: (i) a
hydrologic basin model (watershed, unsaturated soil zone, ground-
water recharge); and (ii) a pollutant transport model of the
unsaturated soil zone, however, interacting (for mass balance
purposes) with both the watershed and the groundwater of a soil
environment. (See Section 2.0.)

. Strong appreciation is given by model developers to all the people
who have supported this effort. (See Section 1.4.)

. Users are advised to read this documentation carefully and, in case
of questions, to contact developers. The authors would be happy to

provide assistance--as far as possible--to potential users.

1.2 Organization of this Documentation

The main intentions while drafting this documentation have been: sim-
plicity, clarity and expandability; therefore, it has been structured
around two major parts containing:

(1) an overall presentation, and
(2) twenty appendices

It is believed that this documentation format allows:
(1) readers to clearly understand both the various scientific
areas modeled (described in the appendices) and the SESOIL

operations, and

(2) users to efficiently apply SESOIL following knowledge gained
after reading the entire documentation.

The overall presentation is covered in three main sections:

. Section 1.0 ~ Introduction
. Section 2.0 - SESOIL Description
o Section 3.0 - User's Manual

The 20 appendices are self-contained, short documents and give both
background information, and mathematics employed for the various areas
of science (hydrology, sedimentation, chemistry, other) modeled via
SESOIL. Each appendix is designated with two characteristic letters as
shown in the Table of Contents of this documentation. References are
given in each section or each appendix and are aggregared in Appendix RE.
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It is believed that this format permits expansion, improvement and
substitution of the background and parts of the theory given in this
documentation without affecting the overall model presentation. This
loose-leaf binder version also provides the possibility of single-page
substitutions in the near future. The latest version of a page 1is
printed with a date next to the page number; if no date is given, the date
of the first page of the section of appendix is assumed. The appendix
format facilitates reading because the same text is not to be found in
two different chapters; it also facilitates users who do not actually
care for the background during an application.

A potential user, however, is advised to read all sections of the report,
namely, from the Introduction to the last appendix (Appendix MI,
Miscellaneous). A user who desires to only use a few aspects of the model
operation (e.g., pollutant cycle) would have to refer only to the
corresponding appendix (i.e., Appendix PT, Pollutant Transport Cycle).
In the computer code, reference is made to the equations of individual
appendices.

1.3 Raison d'Etre of SESOIL

SESOIL is the acronym for a SEasonal SOIL compartment model, a de-
velopment motivated by the individual needs of various technical and
regulatory offices within the U.S. Environmental Protection Agency.
SESOIL was designed to be an integrated package of a "user-friendly" tool
for modeling hydrologic, sediment and pollutant cycles in soil "com-
partments." Many reasons supported this development as described below.

First, in reference to a soil compartment (see cover figure), we have
today a variety of excellent watershed simulation (e.g., Johanson et al
1979) models, a variety of unsaturated soil zone numerical (e.g., Adams
et al 1976) models, a variety of stochastic soil moisture models, or a
number of watershed erosion and sediment transport models (e.g., Leytham
et al 1979). However, we do not have an integrated, and developed from
"scratch," soil compartment mathematical model, designed for long-term
(defined below) environmental process simulations that can describe
simultaneously water transport (quantity/quality), sediment transport
(quantity/quality), pollutant fate (transport/transformation) and soil
quality. SESOIL has been designed to fill this need.

Second, current regulations (e.g., the Resource Conservation Recovery
Act) require that decision makers consider the environment as a con-
tinuum. Thus, pollutant fate must be modeled in this continuum--
encompassing air, soil and water compartments--rather than in single
medium. This request brought model users to the dilemma of "which model
to interface with what model" in order to create a useful continuous
package (Fiksel et al 1981). In many cases, data requirements and time
resolutions of the various models were so different, that interfacing
requirements necessitated the writing of complicated or lengthy data
management computer programs. In addition, separate calibration pro-
cedures may have to be followed for different submodels (e.g., watershed
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submodel, unsaturated soil zone submodel) of one and the same environ-
mental compartment (i.e., soil compartment), resulting in much dupli-
cation of effort.

In response to the above regulations, an immediate need for integrated
modeling packages has emerged, leading to a boom in environmental
modeling and the use of models as decision mechanisms. This immediate
necessity has not left enough time to model developers to 'sit back" and
develop truely "integrated" approaches. The difficulties created by
employing and interfacing incompatible submodels is analogous, for
example, to the industry where in an attempt to quickly release a new
product, manufacturers assemble--not always successfully--a new product
with parts desinged for other similar situations. With SESOIL, an
attempt is made to better integrate certain model categories and provide
an efficient interfacing module between air and water compartmental
models of the literature toward a formulation of an environmental
continuum.

Third, a characteristic of the existing environmental models is the
simulation time step. Most of the watershed soil models consist of a set
of equations solved after each storm event. Therefore, hydrology,
sedimentation and pollution mass transport at the end of a season (e.g.,
month, year) is estimated by summing up distribution estimates after
each storm event. This necessitates lengthy data inputs of hydrologic
records, a fact that makes use of models very time consuming, and may not
necessarily lead to more accurate cycle (hydrology, sediment, pollutant)
estimates. The SESOIL seasonality provides a different and flexible
approach to this issue.

Principally, SESOIL is intended to be a model that:

(1) 1is seasonal--provision is also made for storm-by-storm sim-
ulations;

(2) 1is independent from the size and the shape of the soil column,
i.e., independent from the numerical discretization mathe-
matical problems of some models;

(3) 1is user-friendly and requires a minimum number of hydrologic
and other input data;

(4) can study the hydrologic cycle, the sediment cycle, pollutant
fate and soil quality of the compartment in one integrated
effort;

(5) 1is operational at various "levels" depending on users' needs
and data availability;

(6) 1is operational either as a self-standing soil compartment
model or as a ,model to be interfaced with an atmospheric and a
fresh water body model toward the formation of a mathematical
environmental continuum;
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(7) does not require calibration of coefficients that do not
describe physical or chemical parameters, yet it might be
calibrated via its basic parameters if field data are avail-
able;

(8) a user can operate with data obtained from existing data
bases (even on-line) or from handbooks;

(9) 1is expandable in logic and capabilities; and

(10) can be operated at minimum expense (time, cost) and by uses
who may or may not exactly follow all the theoretical back-
ground of the various processes/subroutines modeled.

The attempt to accomplish the above 10 desires/needs is the 'raison
d'@tre" of SESOIL. It is hoped that it will become a valuable tool in
envirormental quality planning. The fact that SESOIL is user-friendly,
comprehensive and inexpensive to run should stimulate users to take
advantage of its benefits.

1.4 Acknowledgements
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Water Resources and Hydrodynamics, who has voluntarily reviewed and has
made suggestions for the application of his annual water balance theory
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Appreciation is expressed to Professor George R. Foster, Purdue Uni-
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leasing his sedimentation theory (Foster et al 1980) and its computer
code to the authors, although integration of his theory (Appendix SW)
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2.0 THE "SESOIL" MODEL

This section contains only an executive summary of all appendices
presented in this documentation, and as such it does not offer anything
new to model readers or users.

The model developers have purposely kept this section brief because;

(1) They feel that users of this first SESOIL version should
read/consult--for their own benefit--the entire theory of each
major area of science presented in each appendix separately,
in order to appreciate both the capabilities of SESOIL and the
limitations or assumptions supporting this model version.

(2) SESOIL development has not yet been completed and since the
model is limited to simulating the unsaturated soil zone of
the soil compartment, the developers do not want to give the
impression of having accomplished all their goals.

The executive summary of SESOIL is presented in the following pages.
Please contact the authors with any questions regarding this model

version and/or questions as to potential (future) capabilities of the
model.

Dec. 81 2-1
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"SESOIL"
A SEASONAL SOIL COMPARTMENT MODEL
By

Marcos Bonazountas
Janet Wagner

Arthur D. Little, Inc.
Cambridge, Massachusetts 02140
617/864-5770

GENERAL INFORMATION

SESOIL is a newly developed "user-friendly" mathematical model for long-
term environmental pollutant fate simulations that has been designed to
describe:

water transport (quality/quantity),

sediment transport {(quality/quantity),
pollutant fate (transport/transformation), and
soil quality

within a user specified soil column (designated as compartment) ex-
tending between the ground surface and the lower part of the saturated
soil zone of a region. (See figure 2-1.)

SESOIL is designated as ''seasonal" because it statistically estimates
the pollutant distribution in the soil column after a season (e.g., year,
month) '"directly." It does not estimate pollutant distribution in-
directly (i.e., by summing up pollutant distribution estimates in the
soil column after each major storm event) as do existing models described
in the literature.

SESOIL has been designed to become, in the long run: (1) a watershed
model; (2) an unsaturated soil zone model; and (3) a groundwater model.
However, the current SESOIL version can only simulate processes of an
unsaturated soil zone of a compartment and can roughly account for
certain watershed aspects of the compartment. The groundwater aspects
of SESOIL are part of the long-range plans of the developers. As such,
SESOIL is designed to simulate point or nonpoint pollution from major
land use categories, and soil-column pollution originating on the
watershed (future development), in the soil column (presently) and in
groundwater (ultimate development).

SESOIL is designed as: (1) a self-standing soil compartment model, and
(2) a compartment model to be interfaced with other atmospheric and water
body models towards the formation of a mathematical environmental
continuum (multi-media environmental modeling). The current version can

Arthur D Little, Inc
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be easily interfaced with a groundwater model toward the formulation of
an unsaturated/saturated soil compartment model.

SESOIL simulations do not require the extensive and time consuming
calibration procedures of other models, although it may be easily calibrated
to agree with field records. The model employs theoretically derived
equations driven by climatic, soil property, geometric and chemical
compound property data. In addition, simulations are performed for the
entire compartment (i.e., watershed, unsaturated and saturated soil
zones) in one effort in order to circumvent the known calibration
difficulties of simulation models. As such, SESOIL may be employed as a
precalibration model for other simulation models.

There exist no artifically imposed limitations in: (1) timing and sizing
the soil compartment (cell) and (2) the shape of the compartment per se.
If the soil column is chosen small enough (i.e., finite approach), SESOIL
encompasses the concept of the numerical models (e.g., finite dif-
ference/element models); if the soil column is chosen large enough
(e.g., a river basin), SESOIL becomes a sophisticated one-compartment
model. The unsaturated soil zone of the model can be discretized to
account for more than one soil layer in order to best meet simulation
needs.

SESOIL is designed to provide great flexibility to the user who can
execute various ''levels" of model operation, the criterion for a level
selection being data availability and study objectives. The major
advantage of SESOIL is that it can be executed with easily obtainable
input data because this information can be compiled from existing data
bases (e.g., NOAA) and known references for the pollutant and soil
properties. A data management structure accompanies SESOIL. 1If the
model is not linked to existing data bases, then the number of input data
can be less than 50 as contrasted to the other numerical models which may
require more than 500, because: (a) the model employs theoretically
derived equations which 'may not require calibration, and (b) the
statistical simulation does not take place after each major storm event.

Potential applications of SESOIL include long-term leaching studies from
waste disposal sites, acid rain, pesticide and sediment transport on
watersheds, contaminant exposure assessments, pre-calibration runs for
other simulation models, hydrologic cycles of soil compartments, etc.

This model version has been developed on behalf of the U.S. Environmental
Protection Agency, Office of Toxic Substances, Washington, D.C. A model
application at industrial land treatment sites has been sponsored for a
slightly different model version by the Monitoring and Support Data
Division, EPA, Washington, D.C.

SIMULATION CYCLES

The simulation is structured around three cycles, each cycle being
associated with a number of processes. These are the:
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. Hydrologic cycle which takes account of:
rainfall, infiltration, soil moisture, surface runoff, ex-
filtration, evapotranspiration, groundwater runoff, capillary
rise, snow pack/melt (not operational in this version) and
interception (not operational).

. Sediment cycle which takes account of:
sediment resuspension (due to wind) and sediment washload (due
to rain storms), not operational in this version.

. Pollutant cycle which can take account of:
advection, diffusion, volatilization, adsorption/desorption,
chemical degradation/decay, biological transformation and
uptake, hydrolysis, photolysis, oxidation, cation exchange,
complexation chemistry (metals by organics) and nutrient
cycles (not operational).

The hydrologic cycle controls the sediment cycle, whereas both previous
cycles control the pollutant cycle. Cycles, processes, mathematical
modeling, application and validation issues are summarized in the
following paragraphs.

(1) The hydrologic cycle is based on a statistical dynamic formulation
of vertical water budget at a land-atmosphere interface (Eagleson
1978), adapted to account for monthly simulations. Uncertainty of
the hydrologic cycle simulation is expressed via probability
density functions of the independent climatic variables and yields
derived probability distributions of the dependent water balance
elements: surface runoff, evapotranspiration, and groundwater
runoff. Some details of the hydrologic analysis are (Eagleson
1978):

Seasonal point precipitation is represented by Poisson arrivals of
rectangular gamma distributed intensity pulses that have random
depth and duration. Infiltration and exfiltration are described by
the Philip equation (Philip 1969), which assumes the medium to be
effectively semi-infinite, and the internal soil moisture at the
beginning of each storm and inter-storm period to be uniform at its
long~term space-time average. Gravitation and percolation to
groundwater is assumed to be steady throughout the time step of a
simulation and at a rate determined by the long-term space-time
average seasonal soil moisture. Capillary rise from the water
table is assumed to be steady throughout the season and to take
place to a dry surface. Soil properties, soil moisture, climate and
functional relationships derived by Brooks and Corey (1966) de-
scribe the wetting drying soil intrinsic permeability temporal
variation.

Seasonal bare soil evaporation and vegetal transpiration are
calculated for the interstorm periods as functions of properties of
the climate, the storm sequence, the surface, the soil and the
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average rate of a derived potential evapotranspiration. The work
of Penman (1963), Van den Honert (1948), Cowan (1965) is employed
(Eagleson 1978). The distribution of surface runoff volume is
derived from the distribution of rainstorm intensity and duration
and the use of the previously discussed infiltration equation.
Specific subroutines of the model have been validated in the
literature. The annual dynamic water balance of the model has been
validated by Eagleson (Eagleson 1978). The monthly dynamic water
balance of the model has been applied; however, it was not validated
as a hydrologic routine per se. Validation of the routine was
undertaken in connection with pollutant migration in the unsatu-
rated soil zone (Bonazountas and Wagner 1981).

(2) The sediment cycle accounts for both sediment washload due to
precipitation and sediment (dust) resuspension due to wind. Two
sediment washload routines are accounted by SESOIL: (a) an annual
sediment yield equation based on the Universal Soil Loss Equation
(USLE) as developed and documented by the U.S. Department of
Agriculture (Wischmeier and Smith 1978) and employed by other
watershed models of the literature; and (b) a monthly sediment
washload routine based on theoretically derived equations and first
physical principles (Foster et al 1980).

The theoretical monthly sediment routine can account for: (a)
various sizes and shapes of watersheds (e.g., overland flow,
channel flow, impoundment, pond); (b) detachment of soil particles,
transport and deposition of soil particles, rill and inter-rill
erosion on the watershed; (c) sediment characteristics and other
fundamental relationships of precipitation energy and erosion
sediment transport. The sediment washload model is based on the
fundamental theoretical models of Yalin (1963), Foster et al
(1980), and Cooley (1980). The sediment routine has not been
validated with SESOIL's hydrologic cycle.

The dust resuspension routine estimates the losses irom the surface
of the SESOIL soil column of any pollutants associated with surface
particles. The losses due to physical removal of the particles that
have an associated pollutant load are calculated as a function of
particle characteristics (chemical composition, diameter, etc.)
and weather conditions. Variables such as soil moisture and wind
speed are utilized; however, this routine has not been validated
yet with SESOIL's hydrologic cycle.

(3) The pollutant cycle accounts for more than 12 chemical processes.
(See previous section.) There exists no single equation that can
optimally describe each of the pollutant processes under all all
conditions, so some alternative simulation options are possible;
for example, adsorption is modeled as sorption to soil particles,
‘partitioning to soil organic carbon, or as an ion exchange process
simply by wvarying the input parameters. Another example 1is
volatilization from soil to air that can be modeled with more than
one user specified equation (theoretical, experimental).

2-6
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The pollutant cycle is simulated in more than one soil sub-
compartments, each one consisting of three phases: soil-air, soil-
moisture and soil-solids. The pollutant cycle routine has been
rederived from a pollutant mass balance equation that can be
expanded or modified easily in order to account for additional
processes and model improvements.

MODEL VALIDATION

A pollutant transport application/validation study was undertaken to
assess the long~term predictive pollutant pathway capabilities of SESOIL
using field monitoring data and supporting background information
already collected as part of another study (monitoring program). The
model has been employed as (1) an upper unsaturated soil zone model at
two industrial land treatment waste sites, and (2) as an exposure
assessment model for fictitious environmental soil compartments. The
behavior of two organic pollutants {(napthalene, anthracene) and four
inorganic pollutants (copper, chromium, nickel, sodium) at two sites was
simulated and analyzed. Predicted concentrations and laboratory mea-
sured concentrations agreed within expected limits. Calibrated and non-
calibrated model runs have been compared (Bonazountas et al 1981).

SESOIL has been also employed as a mathematical tool for exposure
assessment studies for predicting the behavior of pollutants in soil
compartments, and it proved to be an interesting application for
screening, analyzing and prioritizing pollutant behaviors in soil
systems (Bonazountas and Wagner 1982).
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3.1 INTRODUCTION

3.1.1 General Capabilities

This version of SESOIL can be used as:

(1) a hydrologic cycle model for the watershed and the
unsaturated soil zone of the compartment

(2) as a hydrologic and pollutant cycle model for the
unsaturated soil zone of the compartment.

SESOIL is still under development, therefore the following sections only
guide a user through details and the input/output data of this version
of the model. This section (User's Manual) might be expanded in the
future to a self-contained document with guidelines for problem identi-
fication, problem structure, optimal compilation of input data, model
validation and calibration procedures.

3.1.2 Phenomenology in the Soil Compartment

A soil "compartment" (or cell) is defined as a soil column extending
between the ground surface and the bottom of the "upper" saturated soil
zone. As such, the soil compartment interacts with the air and the
water compartments of an environment as schematically shown in the cover
figure of this document (also Tieure 2-1). It is evident that the upper
saturated soil zone might be underlain by impermeable soil lavers and
other saturated soil zones (or aquifers); however, these zones are not
part of the soil compartment as previously defined.

Physical and chemical processes or phenomena of importance to the quality
of a soil compartment are the hydrologic cycle, the sediment cycle, the
biologic cycle, and the pollutant cycle. Processes important to each
cycle are described in the appendices HY through PT of this documentation.

When released into the environment, pollutants move by a number of fate
(transport/transformation) mechanisms. For some pollutants such as
phosphorus, ammonia and certain pesticides, surface runoff, soil wash
and dust particles might be the primary carriers to the final place of
deposition. Other pollutants are directly applied to plants and reach
the soil through drift, wash-off or when the plant decays. Many pollu-
tants are transported through the hydrologic cycle or the hydrologic
mechanisms of watersheds and have a final destination in the water
compartment of an environment. The figure of the next page (Figure 3-1)
is a generalized pathway diagram of toxic substances in the environment;
from source-to-receiver. The SESOIL model deals with processes inter-
acting and related to the soil compartment of the environment; the "elliptic"
subcompartment in this figure.
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The manner in which pollutants enter the hydrologic cvcle of the com-
partment depends on the characteristics of the pollutant source, such as
location, time and physical or chemical form of pollutant. Gaseous,
emulsified and dispersed airborne pollutants enter water by precipitation
and/or dry fallout. Soluble pollutants and/or pollutants merely mixed

in the water may then enter the soil. Relatively insoluble pollutants
discharged to water or soil either are dispersed or are transported by
stormwater runoff or are entrained by wind and subsequently redeposited.
Pollutants are also adsorbed and desorbed by soil particles and then can
be transported by the water cycle in either state.

A major characteristic of a soil compartment -- as contrasted to a water
or an air compartment -- is that the temporal physical and the chemical
behavior of the compartment is governed by both; out-compartmental forces
such as precipitation, air temperature, solar radiation, and in-compart-
mental forces/features such as soil structure and biology. This charac-
teristic is also one of the main reasons why soil compartmental
mathematical modeling is much more complex than water or air modeling.

When dealing with mathematical modeling of pollutant transport in soil
compartments, it is a natural way to study pollution migration in the
hierarchical order: (1) hydrologic cycle, (2) sediment cycle, which is
primarily governed by the first cycle, and (3) pollutant cycle, which

is primarily governed by the two previous cycles. It has been, however,

a frequent practice to model pollutant migration based upon soil-moisture
migration, so that no soil moisture presence results in no pollutant
migration. Although the latter is not the case in SESOIL (eg. appendix VO),
the logical hierarchy hydrologic cycle, sediment cycle, pollutant cycle

has been followed in this modeling effort.

3.1.3 Mathematical Modeling Issues

Environmental mathematical models can be classified in general into:
eterministic models which describe th t relation-

ships, and_st mo incorporate the concept of risk,
f,______351—nx‘nLh9E—EEEEEEEE_Qi—HDQQEEEEEEX—- Deterministic and stochas-

ic models may be developed from: observation, semi-empirical approaches,
and theoretical approaches. 1In developing a model, scientists attempt to

reach an optimal compromise among the above approaches given the level of
detail justified by both the data availability and model objectives.

Deterministic models can be c1a551f1ed 1nto simulation models which
employ a well epted empi orced via ca11bra-

on coeffic1ents, to describe a system, and analytic models in n which
IEE:EEIEEEE:EEEE@EQE,descrlbes the physics/chemistry of a sys oth
the simulation and the analvtic models can employ pumerical solutigg
5?3EE3G?EE‘?E?‘fﬁET;fégﬁzziing; Although the above terminology is not
'Standard in the literature, it has been used here as a means of outlining
some‘of the concepts of modeling.
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This SESOLl version employs the stochastic approach for the

cycle, and the deterministic approach for other mieal
PTocesses. The sediment thi

chastic approach. €E£iES£E£§_2§—§lm!lé£i°“ or empirical models are
W&W@%
-observational data. This procedure involves curve-fitting and least-
squares analyses, and requires extensive field data information. n
order to by-pass m i i iffi ies, SES mplovs primarily

EEEE;Eiisiilz_ggveloped stochastic or deterministic routines. us,
model input variables describe physical or chemical parameters and can
be determined or obtained independently either from laboratory analyses,
field investigation, handbooks or data bases.

The choice of theoretical stochastic ox apalytic deterministic models
-\ ]

~ does mor—Imply -- of course -- that thes;nﬁEEEIE—EfE'EIGays superior
W‘mfmm
was of importance, therefore a "modular" structure has been employed for
SESOIL, so that a substitution of a particular equation, theory, or sub-
routine (modules) can be undertaken at any time -- along the course of
a model improvement -- and in a straightforward manner. To achieve
effectiveness in the modular approach a new, efficient and chemistry

strong concept has been employed for the pollutant transport cycle
(appendix PT) of SESOIL.

3.1.4 Levels of SESOIL Operations/Capabilities

3.1.4.1 General

Discussions in the following sections are oriented towards the conceptual
approaches employed in this methodology and are not intended to fully
describe the fundamentals of all the cycles -- hydrologic, sediment,
pollutant. For detailed information the reader is referred to the indi-
vidual appendices.

i%;gé%i} . SOIL encompasses -- by design —- many features. It _can be, for example,

yatershed mode aturated 1 rologic model, a s ent
~transportation model. a soil chemistry model, etc. It can also be
operated at annual or monthly time steps, for one-, two-. or three-soil
< layers. In the future it may be expanded to incorporate the fate of second
P chemicals in the soil column, or nutrient cycles and sedimentation

after each storm event. Many SESOIL potential features are schematically
presented on the next page (Figure 3-2); however, only a few features are
operational at the present time, and these features are focused around the
unsaturated soil zone and are offered to users in "integrated" packages
designed as "levels" of operation.

In this model version, the four different levels of operation are LEVELO,
LEVEL1, LEVEL2 and LEVEL3. Each level is associated with certain temporal
and spatial resolution characteristics, and each has different specific
input requirements.
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3.1.4.2 LEVELO

LEVELO is the simplest operational version of the model and es not
require knowledge of the hydrology of the co (aréa modeled).
~SESOIL is employed as an unsaturated soil zone model interacting hydro-
logically (for mass balance purposes) with both the watershed and the

groundwater table.

his level be employed fo utant t i ions in
"fictiti " artments. The unsaturated soil zone compartment
consists of two distinct layers, as shown in Figure 3-3, namely the
upper unsaturated soil zone (or watershed zone), and the lower unsatu-

) rated soil zone. he saturated soil zone (groundwater) is not part of
eration of this mode §ion. T~

,:>Ihe simulation is performed annually and for only one year. The user
___:37 has to input: (1) the annual averaged values of rai 1 depth, soil

moisture—(unsaturated soil zones), infiltration and groundw harge
depthss- (2) the total annual ponuciorww
compartment; (3) ch9mieallQgEEgg;;_fglgggg,paggmgsggg; and (4) soil
~related parameters. The outpu om the model is: (1) the pollutant
distribution (i.e. concentrations, mass distribution) in the compartment,
\ EEE—?§7~fﬁE—aggggl\ggl}g&i;;_f;ntribution (transport) to other environ-_
e ments by meéans of surface runoff, volatilizatiopn, leaching .

\; Qf&j’ d*;&in_grnungggggzl_ggg: Additional information for use of this level is

provided in section PT-3.2. Details of input data formats are given in
section 3-3.2. Details of the output are given in section 3-3.3.

LEVELO should be employed with care and only if "real" climatological
and field data are available, because the hydFologiC parameters (eg.
rainfall vs. soil moisture content) are always correlated, though

independency is assumed for these input data.

i vel has specialized applications, for example: screening of a
large numbers of chemicals that have to be compared for their environ-

Qﬂ(?‘ mental effects wh released into non-site specific (fictitious) compart-

LEVEL1
LEV¥EL] _is philosophically like LEVELO; however, it has been designed for
region spectifit simulatioms. € simulation is performed annually and
for only one year and ¢ i the knowledge of few annual averaged

ic_and soil data for the area, jn order TEE’EFE'EEEEi’EE:EEfTﬁate
the ua parameters relating to the compartment which have
. N
/////( een a user input to LEVELO.
< T —————— e

The user has to input: (1) climatic/storm parameters, (2) soil para-
meters which may vary in the two layers, (3)—chemical parameters, and

{4) SinulatIonm specifie-parameters.—These data are readily available
“‘f:5> from the literature (eg. NOAA reports, handbooks). The output from the
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model is (1) the hydrologic cycle components of the annual compart-
mental water balance, (2) the annual pollution distribution (eg. concen-
trations, mass to groundwater.)

As in LEVELO simulations are performed in two unsaturated soil zone
layers (Figure 3-3) and are of use for specialized applications.
Additional information for this level is provided in section PT-3.2.
Details of input/output data formats are given in sections 3-3.2 and
3-3.3.

3.1.4.4 LEVEL2

{Ezgsﬁkz the 1nput data requlred b LEV e —uSer has-ra knnHL__il) EEg_ggg;h&y
T~
dxs;;;hn. “of rainfall depths climatic parameters in-the-area,
and (2 mont distribution of input pollution (pollutant mass) to _—
——Ehe—camng;;mgnL Most other input data are similar to LEVELl., The

monthly output from the model resembles the LEVEE}—amnual output.

Simulations performed with LEVEL2 mav reflect site specificitv, both in
time (averages over month) and area (reflected in the compartment charac-
teristics). Input data are easily compiled from existing data sources

(eg. NOAA, handbook, this documentation); hpweverr—for~si;e_sggsi£%;
s1mulatians*\mgggl_ggsgg;_has to be d to actual fiel ata or
both_hydrology and chemistry), egg_g!ggggglly—ealihggggg. Validation

1% of final output is essential.

Additional information for this level is provided in section PT-3.3. De-
tails of input/output data formats are given in sections 3-3.0 and 3-3.4.4.

3.1.4.,5 LEVEL3

LEVEL3 resembles LEVELZ in philgsaphx_igggéhéy simulations): however,

AwaWthree uniéSnLa_e_\__,—ﬁn\A 501l zone layers. Theres
fore, in_addition t6 the input required by LEVEL2, thé tlser has

to W&Wuﬂiﬂml—hwn
This fact increases spatial resolutiom, but also user's required effort.
This level has been developed for the needs of this contract and can
become a subset of the N-layered monthly SESOIL version (Figure 3-4).

Additional information for this level is provided in section PT-3.3.
Details of input/output data formats are given in sections 3-3.2 and 3-3.3.

3.1.4.6 Other Levels

The authors intend to velop additional levels such as:

(1) a storm-by-storm temporal resolution and a
N-layered compartment that may handle release
of a second phase (insoluble) chemical spill on
the soil surface, or

3-10
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(2) a statistical version to handle pollutant
(eg. pesticide) transport on the watershed.

Authors have conceptualized these versions but have not proceeded in ed
any real developmental effort. Their main goal will always be a '"user
friendly" model accepting calibration of parameters describing physical
or chemical rate processes (eg. intrinsic permeability of soil, cm?).

3.1.5 Problem Identification/Level Selection

This section will be expanded in the future to contain information
regarding: (1) how to identify a problem suitable for modeling via

SESOIL, (2) how to select the compartment's temporal and spatial resolutior.
(i.e., level), and (3) how to proceed with the actual modeling (single
medium, multimedia).

3.1.6 Canonical/Scenario's Chemical Fate Modeling

Recent concerns related to environmental quality require a methodology

to relate sources and quantities of chemical releases into the environ-
ment to the actual amounts of these chemicals to which humans and other
biota are exposed. SESOIL is extremely well suited for such environmental
exposure studies, which are based on '"canonical'" environmental compartments
and employ typical scenarios (single medium or multimedia). This section
will discuss such issues in the future. It has to be emphasized that the
selection/compilation of typical/canonical compartments is not an easy
issue, and has to involve consideration of statistical techniques (eg.
kriging, see section 3.4.3) to optimally/appropriately design the com-
partments.
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3.2 DATA STRUCTURE/MANAGEMENT

3.2.1 General
For a user it is important to understand the model data structure and
management, the model execution philosophy of the version accompanying

this documentation, and the content of the input data files.

3.2.2 SESOIL Program Structure

A generalized flow chart of SESOIL data files and operation is shown on
the next page (Figure 3-5). The executive program of operations, desig-
nated as SE8l, calls the main program designated as SESOIL, and the

latter calls the two basic data subroutines RFILE (read data file),

PFILE (print data file), and one of the four operational basic subroutines
LEVELO (level "O" operations), LEVEL1, LEVEL2 or LEVEL3. Consequently,
each of the basic operational routines calls a number of secondary rou-~
tines such as HYDROA (annual hydrologic cycle), HYDROM (monthly hydrologic
cycle), TRANSA (annual pollutant transport routine), TRANSM (monthly pol-
lutant transport routine; two soil layers) or TRANS3 (three soil lavers).
Finally, each of the secondary routines calls a variety of functional
routines, as presented in appendix FC (FORTRAN Code).

A major emphasis is placed into the data management aspects and the easy
input of data. Data are read by the model from 6 data files GE (general),
LO (level 0), L1 (level 1), L2, L3 and EXEC (executive operation),

In the IBM system data files are accessed via the file name and a "DATA"
designation; therefore, reference is made in the following sections to

the 5 files GE DATA, LO DATA, L1 DATA, L2 DATA, and EXEC DATA (Figure 3-5),
which are all expandable in size.

GE DATA file (see section 3.2.4.1) contains: (1) climatologic data of
regions, areas or cities, (2) soil data for various soil types, and
(3) chemistry specific data and pollutant parameters.

LO DATA data file (see section 3.2.4.2) contains geometric and simulation

related information for the LEVELO applications. L1 DATA contains informa-
tion (see section 3.2.4.3) for using LEVELl of the model, and L2 DATA contains

the LEVEL2 information/data (see section 3.2.4.4). Information

data or parameters that are used for both LEVELl and LEVEL2 operations

are given twice (double-input), one in each data file, in order to make each
level of operation self-standing and self-contained.

EXEC DATA (see also section 3.2.4.6) contains executive simulation data
and information for each actual execution of SESOIL, such as ''what level
of operation is desired?", 'where is the area of simulation?", "what type
of a so0oil or chemical compound is involved?".

Detailed information regarding the 'loading'" of these files is presented
in section 3.2.4 and in appendix DF (Data Files).
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3.2.3 Model Execution Philosophv

Model execution is accomplished with the following steps:

(1) The SESOIL user selects/decides for a level of
operation (i.e. LEVEL#).

(2) The user "edits" his basic data files (section 3,2.3.4)
GE DATA, Li# DATA and EXEC DATA

@ either through an interactive process via a
screen terminal (eg. IBM VM-CMS system), or

e by inserting or changing computer cards from
his deck.

Editing of the basic data files involves either
the input of non-existing values (eg. new clima-
tological data) in the data files, or the up-
dating of the previous information (eg. another
region).

Above files have unlimited expansion capabilities
so that data from previous simulations may be saved

for future comparative runs.

(3) The user asks for program execution via the statement:
SE81

3.2.4 Input Data Files

The following 6 sections (3.2.4.1-3.2.4.6) give the information contained
in the 6 data files:

GE DATA File of general information to be employed
by all levels of operations

LO DATA File containing data for LEVELO executions
L1 DATA File containing data for LEVEL1 executions
L2 DATA File containing data for LEVEL2 executions
L3 DATA File containing data for LEVEL2 executions
EXEC DATA Executive data file of operations

At this point, the reader may find the program/data logic expressed
previously to be somewhat confusing; however, this program/data/execu-
tion rationale will become clearer after reading the coming sections
and paragraphs and the more detailed description of the data files;
appendix DF.
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3.2.4.1 GE DATA File

3.2.4.1.1 General

This file (Figure 3-6) contains information applicable to all levels of
SESOIL operations: LEVELO, LEVELl, LEVEL2 and LEVEL3. The file is
permanent and self expandable with the insert of new data.

Information contained in the file includes:

(1) Regional Descriptions: climatic, storm data, for
areas where the model might be applied,

(2) Soil Classifications: soil, sediment data of typical or
specific soil compartments, and

(3) Chemistry Data: related to various pollutants whose
fate might be simulated.

Regional Description data are not required for a LEVELO operation; how-
ever, soil and chemistry data are required.

The file is designed to be self explanatory and provision is made for
non-readable (by the computer) statements in order to aid the user.

The user can input into the file blocks of annual or monthly climatic
data in anv sequence. The program can "spot'" the correct areal climate
via a user specified index (eg. "17" SITE A (KRANSAS), Figure 3-6). This
index does not have to be sequentially numbered. Only the actual input
data sets (blocks) have to be correctly given to the file. Most of the
other labels and text are designed for the user's aid. However, appro-
priate labeling and numbering is a good practice.

GE data is the largest file, and as such a new user may find this
documentation to be intimidating. However, as the input procedures
are easier to do than described, users will find that data input is
easy once one becomes familiar with the use of the model.

Note: The SESOIL data files are formatted and thus
it is important that data be entered in the
appropriate columns, with decimals if real
numbers, right justified if integer etc.

The last page of Figure 3-6 presemnts some
sample input data as coded for entry.

The model is delivered with a small input data file, so that section
headings and labels of each file -~ though described as inputs in the
following pages —— do not have to be inserted again by users.

Section 3.2.5 presents a summary of all data entries for all files.
Readers familiar with data entries may consult only that section.
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3.2.4.1.2 Data Input

The following data information is entered into the GE file in the
following order in the file:

(1) Climatologic Data
(1.1) Annual
(1.2) Monthly
(2) Soil Data
(3) Chemistry Data
(4) End of File
Note: Annual and monthly data sets can be interspersed.
In this documentation the following svymbols are used:
#%%¥%  jindicates repetition of data lines, or data sets
111! indicates important comments

indicates an emphasis in the word or sentence in quotation

Input parameters for each line, data format, units, and sample input
for each line follow.

The line numbers used below (refer to Figure 3-6) are employed for demon-
stration purposes only and do not appear in the data file.

(1) Climatologic Data

Line 1 FORMAT (11, 5X,12A4)
contains the heading
1 REGIONAL DESCRIPTIONS; CLIMATIC STORM DATA;
The index "1" must appear in the first colummn (#1, see

circled number Figure 3-6) of this statement, because it
controls the reading of the climatic data.

The user is not concerned with such an entry, since it is
delivered with the SESOIL-code.

e Following the above statement, either annual or monthly,
climatic sets can be given to the file.
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(1.1) Annual Climatic Data Inserts

Only one year of data is contained in an annual
data set (lines 2-6) below, since the annual data
are used for LEVELS 0 and 1 which run for one year
only.

Line 2 FORMAT (2X,13,1X,12A4)

contains the heading of an area where the model may be
applied

1 CLINTON, MA (SUB-HUMID)

The above is not an executable statement. The number "1"
before the area has to appear in the statement.

Line 3 FORMAT (38,6F7.2)
contains the numerical data sets of
L [°N] 1latitude of the area (eg. 42.50)
TA [°C] temperature of area at surface (eg. 8.40)

NN [fraction] fraction of sky covered by clouds
(eg. 0.35)

S [fraction] relative humidity of the area
(eg. 0.70)

A -1 shortwave albedo of the surface (eg. 0.30)

® Or

REP {cm/day] evapotranspiration rate of the area
(eg. 0.15)

® Or

"both" above sets if the user desires so; however, the
program will assume the evapotranspiration rates in the
area as "known'" and will '"not" estimate it from the first
data set L, TA, NN, S, A.
Note:
- Above data is stored in array CLIMAl(6);

see appendix DF
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- Only the temperature is required for a LEVELO
model execution; however:

- 1If line 2 above is inserted, then this data
(line 3) must be given even with 0.00 values.

Line 4 FORMAT (38X,4F7.2)
contains the numerical values of:
MPA[cm] annual depth of rain (eg. 94.10)
MIR{day] annual mean storm duration (eg. 0.32)
MN([-] number of storm events per year (eg. 109.00)
MT[days] mean length of rainy season (eg. 365.00)
Note:

- Above data is stored in the array spaces
CLIMA1l(6); see appendix DF, figure DF-2.

- This data is not required for a LEVELO
execution.

~ If line 2 is inserted, then this data
(line 4) must be given, even with 0.00
values.

Line 5 FORMAT (38X,6F7.2)

contains the numerical values of:

MPM[cm) mean monthly (M) depth of rain of
the first six months of the year
(October through March) starting with
the month of October (M=1); eg. 10.36,
8.96, etc.

Note:

- Above data is stored in the array spaces
CLIMA3(1-6).

-~ This data set is not required for the LEVELO
and LEVELl1l executions; however:

- If line 2 is inserted, then this data set
(1ine 5) must be given, even with 0.00 values
(required by LEVELO and LEVEL1).
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Line 6

sdekRk

FORMAT (38X, 6F7.2)
contains the numerical value of:

MPM[cm] mean monthly (M) depth of rain of the
remaining six months of the year (April
through September) starting with the
month of April (M=7); eg. 8.38, 7.82, etc.

Note:

- Above data is stored in the array spaces
CLIMA3(7-12).

- This data set is not required for the LEVELO
and LEVEL1 executions; however:

- If line 4 is inserted, then this data set must
be given, even with 0.00 values (for LEVELO).

Data in lines 5 and 6 are not used in this form and

are usually centered as zero. These lines have been
left in this version for future use, and to be com—

patible with previous versions.

Above data entries (lines 2-6) can be repeated as
necessary for multiple sites in this permanent and
expandable data file (eg. 2 SITE B (MONTANA),..., etc).

(1.2) Monthly Climatic Data Inputs

Note:

Line 27

It is not necessary to input annual climatic
data sets before monthly sets; the two types of
data sets may be interspersed.

The line numbers used are from Figure 3-6. 1In
the actual file these line numbers may change,
although their contents will not. The line
numbers are for reference only, they are not
used by the code.

FORMAT(2X,13,1X,12A4,15)

contains the heading of an area/region where the
model may be applied

17 SITE A (KANSAS) Oct. '79-Sept '80 10
This is not an executable statement. However, the

numbers '"17" and '10" have to appear in the statement
and at the correct place in the file. The "17" is
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the index of the site. The "10" is the index of how
many vears of data follow this first statement of
SITE A (KANSAS) Oct. '79-Sept. '80 (i.e. 10 vears).

Following the above statement numerical input data

for the climatic parameters for each month and year
can be inserted.

Line 28 FORMAT (8X,1F6.2)
This line contains the numerical value of:
L[°N] latitude of area (eg. 39.00)

Lines 29
to 38 FORMAT (8X,12F6.2) for each line

These lines contain the monthly values of the
parameter, starting with the October value in
column 1 and ending with the following September
value in column 12.

29 TA[°C] temperature of the area (eg. 12.80)

30 NN[fraction] fraction of sky covered by clouds (eg. :0.30)

31 S[fraction] relative humidity of area (eg. 0.60)

32 Al-] shortwave albedo of the surface (eg. 0.10)
33 REP[cm/day] daily evapotranspiration or 0.0 (see Line 3)
34 MPM[cem] monthly precipitation (eg. 0.91)

35 MTR[days] mean time of rain (eg. 0.22)

36 MN[#] mean number of storm events {(eg. 1.00)

37 MT[days] mean length of rain season (i.e. days

in a month). If it rains almost everyv
3-4 days in a week during the entire month,
then MT=365/12=30.50 (eg. 30.50).

38 -— This is an empty line for visual purposes. It
indicates end of year.

*kkkhk Above lines (28-38) can be repeated for the same area
for up to 10 years (by indexing; eg. '"10")jie L is given 10-times.
KKk The above data set (lines 27-38) can be repeated for

any number of areas (by indexing; eg. "17").

Above data is stored in arrays CLIMM1(6,12,10) and
CLIMM2(6,12,10); see appendix DF, figure DF-2.
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(2) Soil Data Inserts

Following the climatological input entries, the soil data must be given.
In Figure 3-6 climatological entries end in line 137. TFor this documen-
tation, soil data entry starts therefore with line 138 (circled "2").
Note: Lines 137 and 138 are not the real line ffs. Thev onlv correspond
to Figure 3-6.

Line 138 FORMAT(11,5X,124A4)

This line contains the indexed alphanumeric statement

2 SOIL CLASSIFICATIONS; SOIL, SEDIMENT DATA:

The index "2" has to appear in the first column of the
statement. Following this statement, numerical input
data for the various soil types are given.

Line 139 FORMAT(2X,13,1X,12A4)

contains the description of the indexed soil type whose
data follow; eg.

1 CLAY

Note:

- The index should always appear (eg. "1")

- This type of data is required by all levels of
operation (LEVELO - LEVEL3); therefore, at least
one soil-type data set has to be given to acti-

vate the program.

~ The alphanumeric title is stored in the array
spaces TITLES (5,12); see appendix DF.

Line 140 FORMAT (38X,6F7.2)
contains the numerical values of:
Rs[g/cmz] soil density (eg. 1.32)

Kl[cmz] soil intrinsic Eermeability
(eg. 1.00 X 10-10)

cl-] soil disconnectedness index (see
appendix HY) (eg. 12.00)

N[-] effective soil porosity (eg. 0.45)
oc[ %oc] organic content of soil (eg. 1.46)
CC[%ecc] clay content of soil (eg. 3.0)

3-26

Arthur D Little Inc



Note:

- Above values are stored in the array spaces
SOIL1(6)

- If line 140 is inserted in this file, then this line
must be given, even with 0.00 values.

Line 141 FORMAT(38X,4F7.2)
contains the numerical values of:
CEC[me/100 g soil] soil cation exchange capacity (eg. 15.00)

KlU[cmZ] intrinsic permeabilities of upper
soil layer

KlM[cmz] intrinsic permeabilities of middle
soil layer

KlL[cmz] intrinsic permeabilities of lower
soil laver

Note:

- K1U, KI1M, K1L are used for LEVEL3; therefore, they
do not have to be inserted for other levels.
I1f both K1 and the set of K1U, KIM and FK1L are
given, the program will ignore the later values and
will use the value of Kl for all lavers.

- This data is stored in array SOIL2(6); see
appendix DF, figure DF-3

- 1If line 140 is inserted in this file, then this
line must be input (even with 0.00 values.

*%%%% Lines 139-141 can be inserted for an "unlimited"
number of soils. As such they create the soil-part
of the GE DATA base. Note: 'indexing" (eg. "1" CLAY)
is necessary.

!1111  Assume that the soil entries have reached line 150,
figure 3-6, 3rd page. Chemistry data inputs will
follow in line 151.

(3) Chemistry Data Inserts

Following the soil entries, the chemistry data must be given. 1In
Figure 3-6 soil entries end with line 150. For this documentation
chemistry data entry starts with line 151.
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Line 151 FORMAT (11, 3X,12A4)
contains the headings of the next category of input data.
3 CHEMISTRY DATA:
Following this statement, chemical descriptions and
numerical input data are given. The "3" has to appear
in the first column of this line.

Line 152 FORMAT (2X,13,1X,12A4)

contains the name of the compound whose data follow
(lines 153-155), eg.

1 1,1-TRICHLOROETHANE
Note:

- The index of the compound (eg. "1") should
always appear in this statement.

- This type of input is required for all levels
of operation, LEVELO-LEVEL3; therefore, at
least one chemical data set should be given
into the GE DATA base (even with 0.0 values).

- The name of the chemical is stored in the
spaces of the alphanumeric array TITLE(5,12).

Line 153  FORMAT(38X,6F7.2)

contains the index and the name of the chemical
compound and numerical values of parameters asso-
ciated with it. These parameters are:

SL{ug/mL] compound solubility in water
(eg. 1100)

KOC[ (ug/geoc)/(ug/mL)] adsorption coefficient of the
compound on organic carbon
(eg. 180.00)

DA[cmZ/sec] diffusion coefficient in air
(eg. 0.04)
KDE[day~1) biodegradation rate of the compound
(eg. 0.00)
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H[m3-atm/°K-mol] Henry's law constant (eg. 3.93E-3)
K[ (ug/g) /ug/mL)] averaged adsorption coefficient
for the compound on the soil
(eg. 0.0)
Note:
- Above data are stored in the array CHEM(18).
- If K is given (different from 0.0) then the
program uses as an adsorption coefficient this
K, otherwise it uses the KOC.

Line 154 FORMAT (38X, 5F7.2)

This line contains the numerical values of:

MWT[g/mol] molecular weight of compound
VAL[-] valence of compound
KNH[day'l] neutral hydrolysis constant

KBH[L/mol-day] base hydrolysis constant
KAH[L/mol'day] acid hydrolvsis constant
All above entries in Figure 3-6 are 0.0.
This data is stored in array CHEM1(18); see
appendix DF, figure DF-3

Line 155 FORMAT(38X,3F7.2)

This line contains the numerical value of:

SK[-] stability constant of compound-
ligand complex

B[#] number of moles of ligand per mole
of compound complexed

MWTLIG[g/mol] molecular weight of ligand

Above entries in Figure 3-6 have 0.0 values.
This data is stored in array CHEM1(18).

#k*%% Lines 152-155 can be repeated for an "unlimited" number

of chemicals. Indexing (eg. '"1") is essential. For
example, lines 156-159 contain '2"; COPPER values.
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(4) End of File

Following creation of the chemistry section of the GE DATA file, we
designate the "End of File" with (Figure 3-6, 3rd page).

Line 160 FORMAT(I1,5X,12A4)

(End of
File) 9 END FILE

This is the last line of the GE DATA file, and should
be identified by the number 9 in the first column

(#1, Figure 3-6, 4th page).

A summary of all previously discussed data entries is given in one
table in section 3.2.5 (Table 3-1).
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3.2.4.2 LO DATA File

3.2.4.2.1 General

This file (Figure 3-7) contains information applicable to the LEVELO
operations. This file is used in conjunction with the GE DATA file
and contains:

(1) Geometric and other parameters related to a region

(2) Information relating components of the hydrologic
cycle of the area and pollutant transport of the
LEVELO simulation.

(3) Pollutant (and other chemical) loadings.

Because the LO DATA file is used in conjunction with the GE file, it is
assumed that the user is familiar with the presentation of the input
data of the previous section 3.2.4.1 (GE DATA File), and therefore
input data descriptions are only briefly presented. A reminder: the
SESOIL code is delivered with a basic data base that facilitates addi-
tional data entry in terms of format.

As was done for the GE DATA file, a summary of all inputs of the LO DATA
file is presented in section 3.2.5 of the user's manual. Users familiar

with the input data concepts of SESOIL may consult only the summary
section.

3.2.4.2.2 Data Input

Spacing and format of data are shown in the 2nd page of Figure 3-7.
The content of each line is described below. For clarity, input data
to this file are described with reference to the figure; line 1 below
does not have to be the first line in the file.

Line 1 FORMAT (2X,13,1X,12A4)

contains the heading of the first region of the
file, eg.

1 TEST LOCATION

Note:

- The index of the region (eg. '"1'") must appear.

- The title is stored in the first line of the
array TITLES(5,12); see appendix DF.
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Line 2 FORMAT (38X, 5F7.2)

contains the numerical data of:

AR[cmZ]

Z[m)
DU[cm]

PH[-]

APH[-]

Note:

surface area of the compartment (eg. 1.00)

depth to groundwater table for this appli-
cation (eg. 50.00 meters)

depth of upper unsaturated soil zone for
this application (eg. 0.7576 centimeters)

PH of the upper unsaturated soil zone (eg. 8.00)

ratio of pH lower/upper unsaturated soil
zone (eg. 0.875)

- Above data is stored in the array spaces GEOM(20):
see appendix DF.

Line 3 FORMAT (38X, 6F7.2)

contains the numerical data of:

AKDE{-]

AOC[-]

AcCl-]

ISRA[-]

ASL[-]

ACEC [-]

Note:

ratio: biodegradation rate of
compound in lowe€r soil zone to
upper unsaturated soil zone (eg. 1.10)

ratio: organic carbon content in
soil in lower soil zone to upper
unsaturated soil zone (eg. 1.26)

ratio: clay content in soil in
lower soil zone to upper unsatu-
rated soil zone (eg. 1.30)

index of surface runoff participation
in pollutant tramsport

ISRA = 0 no participation
ISRA # 0, any participation
ISRA = 1 pollutant in surface runoff

ratio of pollutant concentration in rain
to maximum solubility in water (eg. 0.40)

ratio of CEC, lower/upper soil zone
(eg. 0.001)

- Above data is stored in array spaces of GEOM(20).
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Line 4

Line 5

dkkkk

Line 21
(End File)

FORMAT(38X,4F7.2)
contains the numerical data:
POLINU[ug/cmZ] total pollution load (mass) per unit
area (cm2) per year, entering the
compartment in the upper zome (eg. 200.00)
POLINL[ug/cmz] total pollution load (mass) per unit

area (cm2) per year, entering the
compartment in the lower zone (eg. 1000.0)

LIGU[ug/cm?] ligand input mass to upper zone (ug/cm?2)
(eg. 10.00)

LIGL[ug/em?) ligand input mass to lower zone (ug/cm?2)
(eg. 2000.0)

Note:

- This data is stored in array LOAD(6); see
appendix DF.

FORMAT (38X, 4F7.2)

contains the numerical data:

THA[-] soil moisture content (%) (eg. 9.76)
IA[cm] infiltration (eg. 67.43)

RGA[cm] groundwater recharge (eg. 19.03)

RSA{cm] surface runoff (eg. 35.12)

Note:

- Above data is stored in array RUNLO(6); see
appendix DF.

Lines 1-5 can be repeated for an unlimited number
of entries by "indexing" each time the new region
(eg. "4" TEST LOCATION)

FORMAT (I1,5X,12A4)

This is the last statement of the LO DATA file, given as

9 END FILE
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3.2.4.3 L1 DATA File

3.2.4.3.1 General
This file (Figure 3-8) contains information required to perform a LEVEL1l
simulation. This file is used in conjunction with the GE DATA file, and
may contain information existing in other files (eg. GE DATA), in order
to make this level of operation a self-contained section for the user.
As such, L1 DATA contains:

(1) Geometric and other parameters related to a region.

(2) Pollutant (and other chemical) loadings.
It has been assumed again that the user is familiar at this point with

the data entry presentation of the previous section; therefore, only
brief statements are given below.

3.2.4.3.2 Data Input

Spacing (format) of data and parameter descriptions (Figure 3-8) is
described below. For clarity, input data to this file is described with
reference to the figure. Line 1 below does not have to be necessarily
the first line of the file.
Line 1 FORMAT(2X,I3,1X,12A4)

contains the heading:

1 CLINTON, MASS

Note:

- The index (eg. "1") must appear.

- The title is stored in alphanumeric array
spaces TITLES(5,12); see appendix DF.

Line 2 FORMAT (38X, 5F7.2)

contains the numerical data of:

AR[cmZ] surface area of the compartment (eg. 1.00 cm2)
Z{m] depth to groundwater table for this application
(eg. 100.00 meters)
DU[cm] depth of upper unsaturated soil zone for this

application (eg. 15.00 centimeters)
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PH[-] PH of the upper soil zone (eg. 8.00)

APH[-] ratio of pH, lower/upper soil zone (eg.
0.875)

Note:

- This data is stored in spaces of array GEOM(20);
see appendix DF.

Line 3 FORMAT (38X, 6F7.2)
contains the numerical data of:

AKDE[-] ratio: biodegradation rate of compound in
lower soil zone to upper unsaturated soil
zone (eg. 0.10)

A0OC[-] ratio: organic carbon content of soil in
lower soil zonme to upper unsaturated soil
zone (eg. 0.10)

ACC[-] ratio: clay content of soil in lower soil
zone to upper unsaturated soil zone (eg. 0.10)

ISRA[-] index for pollutant participation in surface
runoff

ISRA = 0.00; no surface runoff participation
ISRA # 0.00; any participation (eg. 1.4)
ISRA = 1.00; surface runoff participation

ASL[~] ratio of pollutant concentration in rain to
maximum pollutant solubility in water

ACEC[-] ratio: lower/upper cation exchange capacity
of soil (eg. 0.01)

Note:
- Above data is stored in the array spaces GEOM(20)
Line 4 FORMAT (38X,4F7.2)

contains the numerical data of:

POLINU[ug/cm2] total pollution load (mass) per unit
area (cm2) per year, entering the
compartment in the upper zone (eg. 10.00)

POLINL[ug/cmZ] total pollution load (mass) per unit

area (cm2) per year, entering the
compartment in the lower zone (eg. 5.00)
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LIGU[ug/cmz] pollutant input mass per unit are in
upper zone (eg. 10)

LIGL[ug/cmz] pollutant input mass per unit are in
lower zone (eg. 20)

Note:

- This data is stored in array LOAD(6); see
appendix DF.

*%%%% Lines 1-4 can be inserted for an unlimited number
of data sets. Area has to be indexed (eg. "1"
CLINTON, MA).

Line 17 FORMAT (I1,5X,12A4)
(End of
File) This is the last statement of this file, given as

9 END OF FILE

A summary of all data entries is presented in Table 3-3 of section 3.2.5.

3.2.4.4 L2 DATA File

3.2.4.4.1 General

This monthly data file (Figure 3-9) contains information required to
perform a LEVEL2 simulation. This file is used in conjunction with
the GE DATA file. L2 DATA contains:

(1) Soil quality and soil moisture quality data (input)
for the months of a year, and

(2) Pollutant input/transformation data for each month
of a year.

In the following sections it is assumed that the user is famiiiar
with data entries in the previous files, GE DATA, LO DATA, L1 DATA;
therefore, data entries are described only briefly.

3.2.4.4.2 Data Input

Spacing and format of data are shown in Figure 3-9 and is described
below. For clarity, data input is described by means of an example;
line 1 does not need to be the first line of the file.
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Line 1

Line 2

Line 3

FORMAT (2X,13,1X,12A4,15)

contains the heading related to the region/application
for which data follow, eg.

1 KANSAS-COPPER (OCT '78-SEP '80) 2
Note:

- the index "1" of the region (or description)
must be given

- "2" represents the number of years for which
a simulation will be performed (2=IYRS). This
number may be 1-10.

- the title is stored in the alphanumeric array
TITLES(5,12); see appendix DF.

FORMAT (38X,5F7.2)
contains the numerical geometric and other data of:

AR[cmz] surface area of the compartment
(eg. 1.00)

Z[m] depth to groundwater table for this
application (eg. 100.00 meters)

DU[em] depth of upper unsaturated soil zone
for this application (eg. 15.00 centimeters)

PH[-] pH of upper soil zone layer(eg. 8.00)
APH[-] ratio of pH for lower/upper soil layer(eg. 0.875)
Note:

- This data is stored in the array spaces GEOM(20);
see appendix DF.

FORMAT (38X, 5F7.2)
contains the numerical data of:
AKDE[-] ratio: biodegradation rate of compound
in lower soil zone to upper unsaturated
soil zone (eg. 0.00)
AOC[-] ratio: organic carbon content of soil

in lower soil zone to upper unsaturated
soil zone (eg. 1.00)
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ACC[-] ratio: clay content of soil in lower
soil zone to upper unsaturated soil
zone (eg. 0.00)

FRN[-] Freundlich equation exponent (eg. 1.00)

ACEC[-] ratio: lower/upper soil zone catiom
exchange capacity (eg. 0.00)

Note:

- Above data are stored in the array GEOM(20); Appendix DF
Line 4 FORMAT (8X,12F6.2)
contains the numerical data:
CUM(Oct-Sept)[ug/mL] concentration of pollutant in
s0il moisture of upper zone. If an
application is to start with an already
polluted column, this concentration should

be entered in the month before any loading
is specified.

Note:

- These data are stored in the 1lst line of the array
RUNM1(10,12); see appendix DF.

Line 5 FORMAT (8X,12F6.2)

contains the numerical data:

CLM(Oct-Sept)[ug/mL] concentration of pollutant in
soil moisture of lower zone. If an
application is to start with an already
polluted column, this concentration should
be entered in the month before any loading
is specified.

Note:

- These data are stored in the 2nd line of the array
RUNM1(10,12): see appendix DF.

Line 6 FORMAT (8X,12F6.2)

contains the numerical data:
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Line 7

Line 8

Line 9

POLINU(Oct-Sept)[ug/cm‘]; monthly pollution load
(mass) per unit area (cmz) entering
the upper soil 2zone.

Note:

- These data are stored in the 4th line of the
array RUNM1(10,12); see appendix DF.

FORMAT (8X,12F6. 2)

contains the numerical data:

POLINL(Oct-Sept)[ug/cmZ]; monthly pollution load
(mass) per unit area (cmz) entering
the lower soil zone.

Note:

- These data are stored in the 6th line of the
array RUNM1(10,12); see appendix DF.

FORMAT (8X,12F6.2)
contains the numerical data:

ISRM(Oct—Sept)[ug/cmz]; monthly index for
pollutant appearance in surface runoff.

ISRM=0 no surface runoff participation
ISRMAO any runoff participation

ISRM=1 pollutant in surface runoff
Note:

- These data are stored in the 7th line of the array
RUNM1(10,12); see appendix DF.

FORMAT (8X,12F6.2)

contains the numerical data:

ASL(Oct-Sept)[-] monthly ratio: concentration of
pollutant in rain to maximum solubility
in water.

Note:

- These data are stored in the lst line of the array
RUNM2(10,12); see appendix DF.
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Line 10

Line 11

Line 12

Line 13

FORMAT (8X,12F6.2)
contains the numerical data:

TRANSU(Oct-Sept)[ug/cmZ] monthly amount of pollutant
transformed (chemically, biologically
or other) in upper soil zone, and not
accounted by individually existing model
processes.

Note:

- These data are stored in the 2nd line of the array
RUNM2(10,12); see appendix DF.

FORMAT (8X,12F6.2)
contains the numerical data:

TRANSL(Oct-Sept)[ug/cmZ] monthly amount of pollutant
transformed (chemically, biologically
or other) in lower soil zone, and not
accounted individually.

Note:

- These data are stored in the 4th line of the array
RUNM2(10,12); see appendix DF.

FORMAT (8X,12F6.2)

contains the numerical data:

SINKU(Oct-Sept)[ug/cmzl monthly amount of pollutant
"lost" by processes not directly
described by the model (eg. plant
uptake) in the upper soil zone.

Note:

- These data are stored in the 5th line of the array
RUNM2(10,12); see appendix DF.

FORMAT (8X,12F6.2)

contains the numerical data:

SINKL(Oct—Sept)[ug/cmz] monthly amount of pollutant
"lost" by processess not directly

described by the model in the lower
soil zone.
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Note:

— These data are stored in the 7th line of the array
RUNM2 (10,12); see appendix DF.

Line 14 FORMAT (8X,12F6.2)
contains the numerical data:

LIGU(Oct-Sept)[ug/cmzl ligand mass input to the
upper soil zone

Note:

- These data is stored in the 8th line of the array
RUNM2(10,12); see appendix DF.

Line 15 FORMAT (8X,12F6.2)
contains the numerical data:

LIGL(Oct—Sept)[ug/cmz] ligand mass input to the
lower soil zone

Note:

- These data is stored in the 10th line of the array
RUNM2(10,12); see appendix DF.

Lines 4-15 can be repeated up to 10 times (10 years)

for multi-annual applications of the same site. The
number of sets of lines 4-15 should be specified as IYRS
in line 1 (eg. IYRS=2).

Lines 1-15 can be repeated for an unlimited number of site-
applications by "indexing" (eg. 2 KANSAS, SODIUM)
the region/application).

Line 43 FORMAT(I1,5X,12A4)

(End of

file) This is the last statement of this file (line 43,
figure 3-9)
9 END OF FILE

The previous information is summarized also in Table 3-4 of section 3.2.5.
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3.2.4.5 L3 DATA File

This monthly data file contains (Figure 3-10) information required to
perform a LEVEL3 application. This file is used in conjunction with
the GE DATA file. This file is in structure almost identical to L2
DATA with the exception of additional entries for the third (middle)
soil layer.

A user who desires to employ both levels 2 and 3 should load both files,
or should load file L3 DATA, copy it into L2 DATA, and consequently
eliminate from the L2 DATA the lines he doesn't need for the level 2
simulation.

Because data files L2 and L3 are almost identical, only a file output is
presented in this section (Figure 3-10). The user is referred to

section 3.2.4.5 for the units of the input parameters or to section 3.2.5
where input information for all files is summarized.

3.2.4.6 EXEC DATA File

This file is used with all levels of operation and controls the execution
of the program, as well as the reading of the various data files. As
such, EXEC DATA is employed in conjunction with one or more of the previ-
ously described data files.

Each line of the EXEC DATA file corresponds to one run of SESOIL. An
unlimited number of runs can be specified. Each line of the file con-
tains 8 integer (control) numbers (Fiugre 3-11). Format and description
of these parameters are as follows:

Line 1 FORMAT(815)
controls the control variables:
JRUN[-] incremental number of the run (i.e. 1,2,...)
LEVEL[-] SESOIL level of operation (i.e. 0-3)

JRE[-] index of area of application (eg. 17,
i.e. CLINTON, MASS from data file EXEC DATA)

JSO[~-] soil type (eg. 8, i.e. CLAY-LOAM)
JCH[-] chemical compound (eg. 20, i.e. TCE)

JNUT[-] nutrient cycle participation (for later use,
enter as 0 now)

JAPPL[-] application area (eg. 21, i.e. CLINTON, MASS
'79-'80)

JYRS[-] number of years to be simulated (eg. 1)
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k*%%x Myltiple runs are specified with multiple run/line
entries.

END OF FILE The number 999 [FORMAT(I5)] indicates end of file.
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3.2.5 Summary of Data lnput

Table 3-1 summarizes

Table 3-2 summarizes

Table 3-3 summarizes

Table 3-4 summarizes

Table 3-5 summarizes

all

all

all

all

all

input data of the

input data of the

input data of the

input data of the

input data of the

GE DATA file.

L0 DATA file.

L1 DATA file.

L2 DATA file.

L3 DATA file.

Note: Only 1 region, 1 soil type, 1 chemical and 1 application area
are shown in the following tables.
tion with SESOIL, the user may consider consulting only the
following tables to load data.
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TABLE 3-1

GE DATA FILE

Line Input Parameter/Variable FORTRAN Format
Section 3.2.4.1.2

1 <::> Regional Data I1,5X,12A4

2 ol 1 Regional Title 2X,13,1X,12A4
3 3 L TA W S A (Rep)D) 38X, 6F7. 2

4 = MPA MTR MN MT 38X, 4F7. 2

5 g MPM(OCT) . . . . . MPM(MAR) 38X, 6F7.2

6 <L MPM(APR) . . . . . MPM(SEP) 38X, 6F7. 2

27 .2 Regional Tirle —(I¥RS) 2X,13,1X,1244,15
28 - L 8X,1F6. 2

29 '/I‘A(/OCT) . . . . . TA(SEP) 8X,12F6. 2

30 NN(OCT) . . . . . NN(SEP) 8X,12F6. 2

31 S(OCT) . . . . . . S(SEP) 8X,12F6. 2

32 q AOCT) . . . . . . A(SEP) 8X,12F6. 2

33 &| lyrs REP(OCTM . . . . REP(SEP) 8X,12F6. 2

34 2| [(Sets)mem(ocT) . . . . MPM(SEP) 8X,12F6.2

35 E MTR(OCT) . . . . MTR(SEP) 8X,12F6. 2

36 = MN(OCT) . . . . . MN(SEP) 8X,12F6. 2

37 L L wMreoer) . . . . . MT(SEP) 8X,12F6. 2

38 Empty Line . 1)
138 @ Soil Data 11,5X,12A4
139 1 Soil Title 2X,13,1X,12A4
140 RS KL C N OC CC 38X, 6F7.2
141 CEC KI1U KIM KIL 38X, 4F7. 2
151 <::> Chemical Data I1,5X,12A4
152 1 Chemical Title 2X,13,1X,12A4
153 SL KOC DA KDE H K 38X, 6F7.2
154 MWT VAL KNH KBH KAH 38X, 5F7.2
155 SK B MWILIG 38X, 3F7. 2
160 @ End of File 11,5X,12A4
1)see section 3.2.4.1.2. 3-51
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TABLE 3-2

LO DATA file

Line Input Parameter/Variable FORTRAN Format
Section 3.2.4.2.2
1 ~(Dapplication Area / Title 2%,13,1X,12A4
2 AR Z DU PH APH 38X, 5F7.2
3 9|  AKDE AOC ACC ISRA ASL ACEC  38X,6F7.2
“ g POLINU POLINL LIGU LIGL 38X, 4F7.2
5 | THA INF RGA RSA 38X,4F7.2
21 (:) End of File 11,5X,12A4
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Line

Section 3.2.4.2.2

1

2

17

Area set

TABLE 3-3

L1 DATA file

Input Parameter/Variable

~ (:>Application Area / Title
AR Z DU PH APH

AKDE AOC ACC ISRA ASL ACEC

L POLINU POLINL LIGU LIGL

(:) End of File
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Line

Section 3.2.4.4.2

[

O 0 N o W N

H B M e
“w P~ LK K O

-
(9% )

Area Set

=

IYRS
(sets)

®

TABLE 3-4

L2 DATA file

Input' Parameter/Variable

FORTRAN Format

Application Area / Title IYRS
AR Z DU PH APH

AKDE AOC ACC FRN ACEC
CUM(OCT) . . . . CUM(SEP)
CLM(OCT) . . CLM(SEP)
POLINU(OCT) . . .POLINU(SEP)
POLINL(OCT) . . .POLINL(SEP)

ISRM(OCT . . . . ISRM(SEP)
ASL(OCT) . . . . ASL(SEP)
TRANSU(OCT) . . TRANSU(SEP)
TRANSL (OCT) . .TRANSL (SEP)
SINKU(OCT) . . SINKU(SEP)
SINKL(OCT) . . SINKL(SEP)
LIGU(OCT) . LIGU(SEP)
LIGL(OCT) . LIGL(SEP)
End of File
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2X,13,1X,12A4,15

38X, 5F7.
38X, 5F7.
8X,12F6.
8X,12F6.
8%,12F6.
8X,12F6.
8X,12F6.
8X,12F6.
8X,12F6.
8X,12F6.

&X,12F6.
8X,12F6.

8X, 12F6.
8X,12F6.

11, 5X,12A4
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TABLE 3-5

L3 DATA file

Line Input Parameter[Variable FORTRAN Format
Figure 3-10
1 = <:> Application Area/Title IYRS 2X,13,1X,1244,15
2 AR Z DU DM FRN 38X,5F7.2
3 PH A2PH APH 38,3F7.2
4 A2KDE AKDE A20C AOC A2CC ACC 38X,6F7.2
5 A2CEC ACEC 38X,2F7.2
6 — CuM 8X,12F6.2
7 CMM "
8 CLM "
9 POLINU "
10 POLINM "
11 POLINL "
12 ISRM "
3 —~ ASL "
3
14 ] o TRANSU "
I
15 o 0 TRANSM n
o o
16 X e TRANSL "
17 SINKU "
18 SINKM "
19 SINKL "
20 LIGCU "
21 LIGCM "
22 S LIGCL "
57 (::) End of File I1,5X,12A4
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3.3 MODEL EXECUTION

3.3.1 Data Requirements

Input of data to the model consists of "adding to'" and "editing" the
various data files previously described. The following data files and
corresponding lines (blocks of data) have to be included for a simula-
tion run (see Tables 3-1 through 3-5).

LEVELO Operations

e GE DATA
Lines 1, 138, 151, 160 -~ Titles
Lines 2, 3(only TA), and 4, 5, 6 with 0.00 -- Climate
Lines 139, 140, 141  -- Soil
Lines 152-155 (B=1) -- Chemistry
e LO DATA
at least 1 set (5 lines)
e EXEC DATA

at least 1 line

LEVELl Operations

o GE DATA
Lines 1,138, 151, 160 -- Titles
Lines 2, 3, 4, and 5, 6(with 0.0) -- Climate
Lines 139, 140, 141 -- Soil
Lines 152-155 (B=1) -~ Chemistry
e L1 DATA
at least 1 set (4 lines)
e EXEC DATA

at least 1 line

LEVEL2 Operations

® GE DATA
Lines 1, 27, 138, 151, 160 -- Titles
and,
Lines 28-38 == Climate
Lines 139, 140, 141 -- Soil
Lines 152-155 -- Chemistry
o L2 DATA

at least 1 set (15 lines)
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® EXEC DATA at least 1 line

LEVEL3 Operations

e GE DATA

as in LEVEL2 operations
e L3 DATA

at least one set (22 lines)
e EXEC DATA

at least one line

3.3.2 Execution Statement

The user has to give the statement SE8l, via a terminal or a card to
start the model execution.

3.3.3 Examples of Execution (Output)

The output is intended to be self explanatorv and pPresently it provides
information on

L)

(2)

(4)

all simulation input data (application, climatic,
chemical, soil, other) employed in a particular
run/execution

the hydrologic cycle components (estimated or
assumed in LEVELO), and the monthly or annual
pollutant cycle in two or three zones of the
compartment, depending upon the level of
operation

pollutant concentrations (in soil-moisture, soil-
air and adsorbed on soil) in the various soil zones
modeled

pollutant masses in the various phases and zones
within the soil compartment and released to air
and groundwater
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(5) averaged and/or totaled behavior of above cycles
over a year of nonthly simulations via LEVEL2 or

LEVEL3.

The SESOLL code is released (upon request) with four pre-programmed
runs (see editing of data file EXEC). The user can give the statement
SE81 and receive an output for levels 0,1,2 and 3. Periodically
developers undertake aesthetic improvements of the output. If neces-
sary they will notify receivers of their tape, and/or provide updated

model versions.

A typical input/output is presented in appendix AP (Applicationms)
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3.4 MODEL "VALIDATION"

3.4.1 General

Model output validation is essential to any modeling effort. However,
model ''validation" is a very broad term and may include model verifica-
tion, application, calibration, validation and frequently sensitivity
and model capabilities. The definition of these terms and the pro-
cedures needed to accomplish these objectives is discussed in

this section.

Model verification is defined as '"the action during which model computer
code is run to extremes and model equations are applied to boundary con-
ditions to assure proper code operation'" under all potential climatic,
soil and other input parameters. Such an action has been undertaken by
the developer (see also section 1l.1) and users should not be extremely
concerned with it. Therefore, only the remaining issues are discussed
below.

3.4.2 Model Application

Once a verified model has been obtained, data have to be compiled and
input to the model for the "first' application (i.e. model application).
Input data can be compiled from:

e site specific investigations and analyses (eg.
leaching rates of pollutants, soil permeability);

e national data bases (eg. climatological data from
the NOAA); and

e other sources (eg. diffusion rate of pollutants
from handbooks).

Compilation of input data for site specific computer runs are model
specific, geohydrology and chemistry specific. Some data categories
are pollutant source data, climatological data, geographic data,
particulate transport data and biological data. Table 3-6 presents
some parameters associated with each category.

3-59

Arthur D Little Inc.



SOIL MODELING MAJOR INPUT PARAMETER CATEGORIES

TABLE 3-6

CLIMATE:

SOIL:

Evapotranspiration
Temperature
Latitude

Sunlight

Plant Cover
Rumidity

Cloud Cover

Wind Precipitation

Porosity

Density

Hydraulic Conductivity
Permeability
Adsorption Capacity
Organic Carbon Content
Clay Content

GEOGRAPHY :

Slope

Surface Storage
Terrain

Area Coordinates

SOURCES:

Leaching Rates
Release Mechanisms

Patterns of Operation (continuous, batch)

Locations
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Compilation of input data can be relatively straightforward for SESOIL,
since SESOIL employs parameters with a physical/chemical meaning.
However, time and spatial resolution input data are user-decision input
parameters and have to be determined with a previous understanding of
the hydrogeology, soil and pollutant characteristics.

Expected outputs from the SESOIL model are:

# temporal and spatial pollutant concentration
distributions in soil-air, soil-moisture;

e temporal and spatial pollutant concentration
distributions on soil particles; and

® leachate (pollutant mass) migration from the
unsaturated soil zone to groundwater.

However, the first application of SESOIL can not be expected to match
monitoring records. The common procedure prior to seeking '"final" model
output is the performance of a number of model runs associated with model
applications, model calibrations and a final model validation. This is
an iterative operational procedure as discussed in the following sections.

3.4.3 Model Calibration

The calibration, or identification, of a model is the process in which
the various model parameters (and that may also include its geometry,

inputs, etc.) are redetermined -- although knowledge of them is avail-
able from the application stage -- or verified (if such information is
available).

The calibration is based on data obtained from observation of the
behavior of the simulated '"'regime" (eg. water balance of basin) in the
past. Such data usually include:

® soil moisture, soil infiltration or percolation rates; and

e water levels at gaging station of the basin.

As discussed in Appendix PT, unsaturated models are mathematically
structured by:

e developing a flow (moisture movement) submodel;

e developing a quality (pollutant transport) sub-
model; and

e interfacing the above two submodels.
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Calibration procedure, in the context of SESOIL, applies to the flow
model part of a code and, therefore, is defined as "the effort (para-
meter estimation) towards a historical matching of the climate, soil
and water balance of a basin."

The calibration procedure is often referred to as the '"inverse problem."
Methods of solving this problem are discussed in the literature.

Table 3-7 lists a number of current research efforts that are oriented
towards calibrating mainly groundwater models. The same techniques might
be applied for unsaturated soil zone models, although unsaturated soil
zone modeling is complicated and no single mathematical method can
optimally be applied. The following general discussion presents the

concept of calibration as applicable to the SESOIL model.

When performing simulations, two different systems are being compared:
(1) soil column and (2) the (conceptual) model. Data are taken from the
first system, say, on basin annual yield (Eagleson 1978), in order to
calibrate the latter. Roughly speaking, the calibration procedure for
the model consists of finding a parameter set (intrinsic permeability,
porosity) that minimizes deviations between observed and calculated
values of annual yields. Least square's deviation is one of the methods
employed in the literature. Other methods are linear programming,
quadratic programming, and dynamic optimization. The least square's
criterion may be written as:

Minimize [Y (x,y,t) -y (x,y.t) ;2

observed calculated’'i

s

1

where 1 =1, . . . n, and n is the number of observed yield values.

The statistical analysis of parameter estimates and model predictions

are very promising areas of current research. The mathematics involved,
unfortunately, tend to be rather advanced and may be beyond the scope

or needs of this modeling effort. Many of the parameter estimation
techniques require both initial estimates of the soil cell parameters

and their statistical properties. This has stimulated an interest in
obtaining the statistical properties directly from field data. One of

the more promising procedures is "kriging," which is a stochastic interpo-
lation technique (Delhomme 1979), the developers are planning to use,

Calibration is not a single process, neither is it a process that can
be designed step by step a priori. As more data become available, the
calibration process should be repeated leading to improved model para-
meters. A schematic of the proposed calibration procedure is shown

in Figure 3-12.
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Table 3-7

References of Current Research in
Calibration/Validation Procedures for Soil/Groundwater Models

Aguado, E.; N. Sitar; and I. Remson (1977). Sensitivity Analysis in
Aquifer Studies. Journal of Geophysical Research, Vol. 13, No. &4, p.
733.

Bachmat, Y. and A. Dax (1979). An Iterative Method for Calibrating a
liulticell Aquifer tiodel. Water Resources Research.

Brakensiek, D.L. and C.A. Onstad (1977). Parameter Estimation of the
Green and Ampt Infiltration Equation. Water Resources Research, Vol.
13, No. 6, p. 1009.

Cooley, R.L. (1977). A Method of Estimating Parameters and Assessing
Reliability for Models of Steady State Groundwater Flow. 1. Theory and
Numerical Properties. Water Resources Research, Vol. 13, No. 2, pp. 318-
324.

Cooley, R.L. (1979). A Method of Estimating Parameters and Assessing
Reliability for Models of Steady State Groundwater Flow. 2. Application

of Statistical Analysis. ‘'iater Resources Research, Vol. 15, No. 3, pp.
603-617.

Cooley, R.L. and P.J. Sinclair (1976). Uniqueness of a Model of Steady-
State Groundwater Flow. Journal of Hydrology, Vol. 31, pp. 245-269.

Delhomme, J.P. (1979). Spatial Variability and Uncertainty in Ground-
water Flow Parameters: A Geostatistical Approach. Water Resources
Research, Vol. 15, No. 2, pp. 269-280.

Delhomme, J.P. (1978). Kriging in the Hydrosciences. Advances in Water
Resources, Vol. 1, No. 5, p. 251-266.

Dettinger, M.D. and J.L. Wilsomn (1981). First Order Analysis of
Uncertainty in Numerical Models of Groundwater Flow. 1. Mathematical
Development. Water Resources Research, Vol. 17, No. 1, pp. 149-161.

Gambolati, G. and G. Volpi (1979). A Conceptual Deterministic Analysis
of the Kriging Technique in Hydrology. Water Resources Research, Vol.
15, No. 3, pp. 625-629.

Haverkamp, R. and M. Vauclin (1979). A Note on Estimating Finite
Difference Interblock Hydraulic Conductivity Values for Transient Un-

saturated Flow Problems. Water Resources Research, Vol. 15, No. 1, p.
181.
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Table 3-7 (continued)

Hayhoe, H.N. (1978). Study of the Relative Efficiency of Finite
Difference and Galerkin Techniques for Modeling Soil-Water Transfer.
Water Resources Research, Vol. 14, No. 1, p. 97.

Hefez, E.; U. Shamir; and J. Bear (1975). Identifying the Parameters of
an Aquifer Cell Model. Water Resources Research, Vol. 11, No. 6, p. 993.

Kohberger, R.C.; D. Scavia; and J.W. Wilkinson (1978). A Method for
Parameter Sensitivity Analysis in Differencial Equation Models. Water
Resources Research, Vol. 14, No. 1, p. 25.

McElwee, C.D. and M.A. Yukler (1978). Sensitivity of Groundwater Models
with Respect to Variations in Transmissivity and Storage. Water Re-
sources Research, Vol. 14, No. 3, pp. 451-459.

Murty, V.V.N. and V.H. Scott (1977). Determination of Transport Model
Parameters in Groundwater Aquifers. Water Resources Research, Vol. 13,
No. 6, p. 94l.

Navarro, A. (1977). A Modified Optimization Method of Estimating
Aquifer Parameters. Water Resources Research, Vol. 13, No. 6, p. 935.

Nutbrown, D.A. (1975). Identification of Parameters in a Linear
Equation of Groundwater Flow. Water Resources Research, Vol. 11, No. &,
p. 581.

Sagar, B.; S. Yakowitz; and L. Duckstein (1975). A Direct Method for the

Identification of the Parameters of Dynamic Nonhomogeneous Aquifers.
Water Resources Research, Vol. 11, No. &4, p. 563.
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Calibration of unsaturated soil zone models can be uncertain and diffi-
cult because climate, soil moisture, soil infiltration and percolation
are strongly interrelated parameters that can be difficult and/or
expensive to measure in the field. Therefore, calibration of unsatu-
rated soil zone models is frequently associated with a model validation
(described in the next section).

For the available version of SESOIL that employs Eagleson's (1978) annual
water balance theory (as expanded to monthly simulations and with moisture
transfer budget in the course of the months), authors recommend model
calibration by varying the intrinsic permeability (k), the pore disconnected-
ness index (c) and the porosity (n) of the soil; all input parameters to

the model (see appendix ID, section 3.0).

The outlining of steps for the calibration procedure of SESOIL is a
feasible task; however such a task would require a thoughtful elabora-
tion of this issue by the authors prior to outlining it in this document.

3.4.4 Model Validation

Frequently, the definitions of calibration and validation are synonymously
employed in the literature because of the large number of nonvalidated but
calibrated groundwater models and the limited number of noncalibrated but
validated unsaturated soil zone models. For SESOIL , model validation is
defined as '"the process which analyzes the validity of final model output."
In SESOIL, the validity of the predicted pollutant concentrations would be
compared to available knowledge of measured pollutant concentrations from
monitoring data (field sampling).

A disagreement in absolute levels of concentration (predicted versus
measured) does not necessarily indicate that either method of obtaining
data (modeling, field sampling) is incorrect or that either data set
needs revision. Field sampling approaches and modeling approaches rely
on two different perspectives of the same situation.

Field data give concentrations at points in time and space, models
predict "average' concentrations for a particular assumed set of
conditions. Thus, field and model results may differ and still both
be correct. Some possible reasons for a discrepancy are:

o The field sample was taken from a spot with atypical
concentrations (eg. a water sample may be close to

an unidentified confounding source, and so give
abnormally high readings).
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e The sample was taken under a typical conditions
(eg. on the one day/month that it rained); model
results were calculated for average conditionms,
which may rarely occur (eg. at the 'average' soil
moisture content which occurred only for a short
period).

o The sample contained interactive compounds (eg. a
water sample contained some sodium that may have
resulted in increased soil permeabilities).

e The extraction procedure for the sample was under or
over efficient (eg. it not only extracted all organic
pollutants from a soil sample but also dissolved
the soil).

Mathematically, the available model validation procedures and techniques
are similar to those presented in the previous section. Following a
validation procedure with good field data, "no better model predictions"
can be made. This will be the 'best possible" output.

For SESOIL, the approach —- at the present time -- would be to:

e apply simplified mathematical techniques (as described
above for calibration);

e exercise the professional experience, gained from
original model application work to refine the results;
and

e document the validation logic for the SESOIL level
employed.

A schematic figure of the previously discussed processes is shown in
Figure 3-12.

3.4.5 Model Sensitivity Analysis

It is frequently worthwhile to perform sensitivity analyses to determine
the effect on the predicted concentrations caused by a change in the
input parameters. These sensitivity analyses are particularly important
when data gaps or uncertain input values exist. It may also be useful
to rerun SESOIL to estimate the impact of various site management or
design strategies on pollutant distribution and concentrations in the
environment. Two main techniques are widely used to perform sensitivity
analyses:

e model simulations; and

e analytic techniques.
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Model simulations are performed by running and rerunning the model,
simultaneously varying the value of one or more parameters following
a "scenario" logic. Model concentration predictions may be compared
to monitoring data as described in the previous section.

Analytic techniques of linear systems theory (Dooge 1973) and optimiza-
tion theory (Haimes 1977) may correlate sensitivity of model input

(eg. leaching quantity) to model output (eg. soil concentrations)
"without" performing multiple model reruns (simulations). An example
is given below for an analytic technique (Fiksel et al 1981).

Assume a SESOIL column receiving pollutant input quantifies I in all
layers (cells). Assume SESOIL accounting for a linear Freundlich
adsorption coefficient and assume that average predicted adsorbed
concentrations in the N cells are the c(N). Then the following matrix,
linear response function F(N) can be written:

I(N) = F(N) - c(N)

where F(N) a low triangular (f,0) matrix:

e\

From the first relation, we have:

E(N)

Ny - et

E(N)

from which all elements N of F can be estimated. Given a possible
linearity of c versus I, we are at a position now to vary input sources
of the model and estimate concentration "without'" having to run and
rerun SESOIL. This approach has not been exercised by the developers;
however, they may consider it in the future for certain processes and
parameters.

3.4.6 Model Limitation

Any mathematical model is "as good as its weakest link"; therefore,
limitations of the model are correlated with the limitations of each
of the routines and processes coded (see also section 1l.1). In general,
limitations can be due to:

e data availability,

e 1inoptimal single medium model application
to a particular site,

e omission of important chemistry reactions, and
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e lack of appropriate model validation opportunity

Data availability refers to environmental data (eg. climatic, soil,
water resource), source data (eg. pollutant leaching from the site),
chemistry data (eg. chemical properties of pollutants) and monitoring
data (eg. ambient concentrations). It is not appropriate, for example,
to drive any soil model without a proper set of weather records and then
attempt to validate the model output with available monitoring data.

Omitting certain important pathways or chemistry reactions or processes
(eg. volatilization) because of lack of data can become an issue of
concern. Such pathways should be evaluated outside the model or, at
certain times, another modeled via SESOIL as far as possible. A model
sensitivity analysis of omitted (or to be omitted) processes is essential.

3.4.7 Discussion

During the SESOIL development a number of verifications, calibration,
validation and sensitivity steps have been performed to one degree

or another.

The model code has been verified by extensive testing and under extreme
conditions of input data. Each level of operation has been run multiple
times and the results have been compared and rectified with sample hand
calculations and by other models.

On an earlier contract to the EPA, SESOIL has been applied to two actual
land treatment sites at which considerable monitoring data were available.
Good agreement was obtained between monitoring data and model results.
This study provided to model developer the only validation of SESOIL.
These sites were also used for a sample calibration effort where the

soil parameters of intrinsic permeability and adsorption coefficients
(K,Koc) were calibrated/validated to field records (Bonazountas et al
1981).

One short study for metals has been performed (Bonazountas et al 1981)
and another short study for halogenated solvents is underway (Wagner

& Bonazountas 1982), both aimed to evaluate the overall fate of pollu-
tants in the soil compartment, including losses to the air and to
groundwater. In both studies, canonical/scenario environments were
designed by combining a range of climates, soils and pollutants, in
order to trace sensitivity of various parameters upon the long-term
overall pollutant fate.

In the future model developers hope to extend these efforts, particularly
to include increased calibrations and validations with actual field data,
an essential task for model improvement and validity.
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APPENDIX HY

HYDROLOGIC CYCLE

To the Reader/User:

Information contained in this appendix is not well documented at all,
for reasons explained below, and authors fully recognize this fact.

For the authors -- although the hydrologic cycle governs the model
operations ~- the full and accurate hydrologic cycle "documentation"
has not been of primary importance because:

e Hydrologic cycle development of SESOIL has not
been accomplished yet.

o The hydrocycle of SESOIL is primarily based on
Eagleson's annual '"Climate, Soil, and Vegetation'
theory, which is excellently documented in the
literature (Eagleson 1978; other publications).
Therefore, the author would have spent appreciable
effort in representing Eagleson's work.

o Budget constraints of this contract (see section 1.1)
led the authors to prioritize documentation of
chemistry related and other issues of SESOIL, 1i.e.
original information generated for SESOIL.

e This SESOIL documentation is not to be released in
the public domain, therefore, a tentative draft
regarding the hydrologic cycle would be sufficient
for a reader/user to understand the basic '"concept"
adapted for the hydrologic cycle; i.e. Eagleson's
theory adaptation.

® The hydrologic cycle documentation is of secondary
importance to a reader or a user, contrasted to the
documentation of other processes, because of the
simplicity of input data (and here lies the sophisti-
cation and elegancy of Eagleson's theory) required
to drive this part (hydrology) of SESOIL.
However: Eagleson's annual theory has been adapted to SESOIL needs by

e expanding the work into monthly hydrocycles,
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e accounting of moisture storage transfer from
month-to-month in the entire compartment,

¢ not fully employing the vegetational aspects
of the basic theory, because the watershed
aspects of SESO1L have not been developed yet,

e accounting for zero rain (depth, number of storm
events, etc)

e accounting for a "smooth" heterogeneity along
the soil column (soil type stratification)

e omitting vegetational and soil surface moisture
retention for reasons related to SESOIL needs
under the current contract (i.e. a model for
overall fate of pollutants) at non-vegetated
areas rather than a model for basin-specific
pollutant transport on the watershed.

e presenting (model output) only expected values
of the statistical distributions of the hydro-
logic processes model.

The above adaptation issues are not always clearly documented in this
appendix. The authors are aware of the deficiencies of this document
that was drafted in 1980 (see page HY-1) when SESOIL was conceptua-
lized; however, they intend to improve it when possible.

The SESOIL authors appreciate that Eagleson's work might have been
frequently misquoted, paraphrased and mis-duplicated. The issue is

not so much of credit given to Eagleson by citing his work, but rather
it is one of possible misunderstanding and misuse of his theory. There-
fore, readers or users are advised to consult Eagleson's original theory.
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1.0 INTRODUCTION
1.1 General

The hydrology of the soil compartment can be:

(1) Assumed annually known (LEVELO),
(2) Simulated annually (LEVEL1l), or
(3) Simulated monthly (LEVEL2, LEVEL3).

Simulations® (LEVEL1l, LEVEL2, LEVEL3) are performed via two hydrologic
cycle subroutines, designed as HYDROA (Annually) and HYDROM (Monthly),

the latter being an extention of the first.

1.2 Hydrologic Processes Involved

The two hydrologic subroutines (HYDROA and HYDROM) simulate the atmosphere,
surface and subsurface hydrologic processes shown in Figure HY-1l. The
hydrologic processes are the main governing factors of pollutant movement

in the soil compartment.

Precipitation encompasses rainfall and snow. Snowpack and snowmelt
affect pollutant movement first by reducing erosion and secondly by

causing less polluted runoff than the corresponding rain runoff.

Infiltration is the movement of water through the soil surface into
the soil column. Infiltration rates are variable and change with the
moisture content of the soil profile. During a storm event, the rate
of infiltration decreases as the soil voids become filled. Usually more
than half of the water which infiltrates is retained in the soil until
it is returned to the atmosphere by evapotranspiration. Some infiltrated
water may move laterally through the upper soil through the stream
channel as interflow, and some may enter temporary storages and be later
discharged into the stream channel as base or groundwater flow. The
infiltration capacity is a function of the plant cover and of variable

hydrogeologic characteristics, primarily soil moisture content.

* . . .
In this appendix the word simulation is equivalent to modeling.

HY-2
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Evapotranspiration is the transfer of water from land, vegetative
cover and water bodies to the atmosphere. The term involves two dis-
tinct processes, exfiltration and transpiration. The volume of water

leaving the watershed through evapotranspiration is greater than the

total contribution to the base streamflow of most systems. All surfaces
that are exposed to precipitation are considered to have a potential for
evapotranspiration. Transpiration is a function of a vapor pressure
gradient between air and leaf cells and occurs when leaf pores are
stimulated by light. Deeply rooted plants continue to transpire even

in periods of infrequent rainfall.

Interception is the amount of precipitation remaining on leaves,
branches, and stems. This volume may or may not return to the atmosphere
through transpiration. Intercepted water quantities during a single
storm are relatively minor. However, they can have a significant effect
on long term surface runoff volumes. Interception is a function of the
type and extent of vegetation, land and meteorologic characteristics of

the area (wind, temperature, solar radiation, precipitation, etc.)

Percolation results in groundwater runoff. Percolation rates depend
mainly upon the infiltration rate, the moisture storage in the unsaturated
s0il zone and the depth to groundwater. During dry seasons percolation

may become negative (upward) due to capilarity.

Arthur D Little Inc.



1.3 Modeling Background

Previous efforts to model combined hydrologic, soil and vegetational
systems of an area have been in two noteworthy directions (Eagleson, 1979;
p. 924):

(1) Empirical studies that provide validated interrelation-

ships among the principle variables but that, due to their
weak physical basis, lack both the generality and the
parametric incorporation of climate, soil and vegetal
properties that are necessary for general insight into
soil processes. Prominent among these studies are the
works of Lettan (1973) and Thornthwaite (1948); and

(2) Numerical studies--that utilize detailed formulations
of the physics at the microprocess scale but that, due
to thelr complexity, impose infeasible validation data
requirements and impede the generation of overall behavioral
insight. Prominent among these studies are the works of
Adams and Jurisa (1976), Donigian, et al (1977), and
Novotny, et al (1978).

It is beyond the scope of this study to review the literature and
describe the physics and mathematics of the previous studies.
SESO1L does not employ either an empirical or a numerical hydrologic routine;
instead it employs the statistical analytic "annual water balance' model
of Eagleson (1978), which couples atmosphere, soil and vegetation systems.
In SESOIL, however, Eagleson's model is modified to perform both
annual and monthly simulations. The scientific background of the annual
model has been presented and discussed in various journals since 1978.
Therefore, this appendix (HY) is intended to presently only an "extracted"
outline of the model as previously given in Eagleson's publications.
The following paragraphs intend only to inform the reader about the nature
of the hydrologic routine employed and not to give a thorough background
of it. To maintain a consistent approach, Eagleson's notation is followed.

Readers interested in the derivation of the annual equations presented

HY-5
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in the following sections, are referred to the original publications.

The work of Eagleson presents a ''generalized'" annual water balance
model based upon simplified physics of the component proceses. The model
is detailed enough to capture the "essential" system dynamics yet simple
enough to permit analytical (as opposed to numerical) solution. It pro-
duces valuable insights into the role of soil moisture in environmental
compartments, of which moisture is one of the most important factors
governing pollutant transport and decay in the soil cell. Eagleson's
model has a unique statistical approach in coupling systems and represents
the state of the art in environmental modeling, The model is easy to use
because of the limited number of input parameters required. The latter
is fully justified by the sophisticated mathematical approach developed
by Eagleson.

Section 2.0 of this appendix provides the hydrologic cycle background for
the LEVELO model operation., dealing with 'known'" hydrologic components

of the soil cowmpartment. The following two main sections (Sections 3.0
and 4.0) outline the theoretical background for the "annual" hydrologic
cycle subroutine (HYDROA) and the "Monthly" hydrologic cycle subroutine
(HYDROM), the latter being developed based upon the theory of the first.

HY-6
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2.0 LEVELO - ANNUALLY "KNOWN" HYDROLOGIC COMPONENTS

2.1 1Input Data
The following parameters must be known (input) for the LEVELO operation
of SESOIL.

SA

RgA

©

annual infiltration; (cm)
annual surface runoff; (cm)

annual groundwater runoff; (cm)

mean annual soil moisture content; (mL/mL)

2.2 Discussion on Soil Water Models

Recent developments of soil water models based on column mass balance

provide an alternative to directly or indirectly measuring soil moisture

in the field.

Figure HY-1 is a schematic diagram of the physical system

and the driving forces that must be considered in modeling the system.

Based upon conservation of mass, the soil moisture in the system at any

time can be determined using the relationship:

where:

sA

TA

As
[0}

gA

PA = ETA+ ASg t RgA + RsA (HY-0)

total annual precipitation
total annual surface runoff
total annual evapotranspiration

So(t)-so(t—l); annual change in the soil moisture storage.

total annual groundwater runoff

Y-7
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Four of the above variables are user supplied input, the fifth is
estimated. A standard practice in annual soil water budget modeling

is to estimate Aso from the above equation, using site-specific estimates
of the other parameters. Consequently s, = so(t) is estimated from

the relationship so(t) = Aso - so(t—l), given the historical moisture

storage so(t-l).

Various references (e.g., National Water Atlas, Gerapty & Miller, Inc.)

R R

can be consulted for the annual averages of PA' E Ga and Rga®

TA’
for various locations in the U.S.

HY-~8
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3.0 LEVEL1 - ANNUALLY "ESTIMATED" HYDROLOGIC CYCLE
3.1 General

The theory for the "annual' hydrologic cycle routine is presented by Peter S.

Eagleson, in Water Resources Research (WRR), Volume 14, October 1978,

Number 5, pages 705 through 776 and in a number of other publications. 1In
this report, reference is mainly made to the above publication by
indicating the page number and the equation number of the equations

employed.

3.2 Definitiomns

It is the writer's feeling that the reader of this documentation and
of Eagleson's publications might be confused with the
definitions:annual, seasonal, monthly, long-term, etc., unless they

are thoroughly acquainted with the theoretical background of the
hydrologic cycles presented in this documentation. Therefore, it is
worthwhile to clarify at this point the following expressions applicable
to both the "annual' (Section 3.0) and the "monthly" (Section 4.0)

hydrologic cycle routines.

(1) For the "annual" hydrologic cycle routine the "simulation
period" or simulation time (or time step) equals a period
of "one year" (i.e. 12 months). Within this year we have
a rainy "season'" which can be shorter or equal
to one year ( 12 months) depending on the climate of the

area.

(2) For the "monthly" hydrologic cycle routine, the "simulation
period" or simulation time equals a period of "one month".
Within this month we have a rainy '"season"
which can be shorter or equal to one month ( 1 month)

depending on the climate of the area.

HY-9
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Eagleson employs both expressions "annual/seasonal' while presenting
his "annual" water balance theory [e.g.,WRR,p.749,eq.(1)]. This is
fully justified from his perspective, however, to avoid confusion
(e.g. seasonal for annual vs. seasonal for monthly simulation) in the
following section we will standardize our definitions as discussed

above, and will explicitly define the terms.

Nov. 80 HY-9. a



3.3 Annual Mathematical Analysis
Assumption

The principal assumptions made are [Eagleson, 1977]:

3.3.1

Nov.

(1)

(2)

(3)

(4)

(5)

80

No consideration of heavy snow or ice precipitation

Consideration of vegetation only as it affects surface

albedo and roughness

One~-dimensional analysis, involving vertical processes only

All processes are stationary in their long-term (annual/

seasonal) average
First-order analysis, namely, long-term averaged behavior,

is used to represent relationships between seasonal

averages.

HY-10



3,3.2 Theoretical Overall Approach

3.3.2.1 The Water Balance Equation

The analysis of subroutine HYDROA is based upon:

(1) The volumetric water balance equation per unit area of the

soil column over time [WRR,p.706,eq.(1)]:

t t t
S[i(t)-eT(t)-vs(t)]dt = s[rs(t)+rg(t)]dt = Sy(t)dt (HY-1)
0 o o
where:
o ]
t = time
S = soil moisture concentration
i(t) = precipitation
eT(t) = potential evapotranspiration rate
vs(t) = rate of moisture storage in soil,
vegetation, snow, ice, lakes, etc.
rs(t) = surface runoff rate
rg(t) = groundwater runoff rate
y(t) = vyield rate

(2) The surface infiltration conservation equation over time

[WRR,p.706,eq. (3)]:

t t t t
Si(t)dt - Svss(t)dt - Sfi(t)dt = Srs(t)dt (HY-2)
0 (o] [s] 0

Nov. 80 HY-11
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where:

Ves = rate of capture of precipitation in surface storage

(i.e., on the soil and vegetal surface)

fi(t) infiltration rate

Assuming all evapotranspiration comes from soil moisture and considering
only systems which are steady-state in long-term average, Eagleson

[WRR,p.706,eq.(2)] developed the water balance equatiog;

E[PA] - E[ETA] = E[RSA] + E[RgA] = E[YA] (HY-3)

where:

E[x] = My expected value or mean of a variable x

PA = annual precipitation; (depth, cm)

RsA = annual surface runoff; (depth, cm)

RgA = annual groundwater runoff; (depth, cm)

ETA = annual total evaporation; (depth, cm)

YA = annual yield; (depth, cm)

Rearranging the above equation and by omitting the E[ ] designations

|[WRR,p-707,eq. (4)]:

Nov. 80 HY-12



Surface
Precipitation Runoff
[\ J N

———

J

I,(Fy) = Pa - R(BY) (HY-4)
Infiltration
= Eq, (P,) R, (Y
Evapotranspiration Groundwater
Runof f
(Recharge
and Loss)

The following sections present a summary of the mathematical ex-
pressions developed by Eagleson for the various terms of the above
equation. This equation is designated later on as 'soil moisture (so)"
equation because factors become soil-moisture dependent. It must
also be noted that the above equation involves the implicit assump-
tion of constant water storage over the given water season. This is
only an approximation of reality; it is closest in nature to an arid,
seasonal climate with ephemeral streams because the end-of-year moisture

storage is there only at its annual minimum, and therefore very small.

Significant snowfall may have large interception losses, theoreti-
cally invalidating the above. However, the authors believe that the
employment of Eagleson's model -- a discussion for snow pack/melt and
interception is made in a later section -- is strongly desired because
of its advantages in its formulation that is based on a relatively few

physical parameters and very few input data.

Nov. 80 HY- 13
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3.3.2,2 Precipitation

The storm sequence is represented in the model by Poisson arrivals

of rectangular pulses, as shown in Figure HY-2.

The cumulative distributive function for normalized annual point pre-

cipitation is [WRR,p.715,eq.(36)]:

PA —wm_ o (wm )V
Prob| — < z| =¢e 1+L =1 P[vn,mmrkz] (HY-5)
A v=1

where:
PA = total seasonal precipitation (cm)
m,, = average seasonal precipitation (cm)
w = storm arrival rate (days_l)
m = average length of rainy season (days)
K = shape parameter of Gamma distribution of

storm depth (h)

M =  number of storms

P[ ] = Pearson's incomplete Gamma function

A

P = wvalue of annual rainfall (taken on by

the random variables pA).

The Gamma distribution of storm depth is given by [WRR,p.714,eq.(15)]:

k-1 —3h
_ _A(dh) e _
fH(h) = G(k,A) = T (HY-6)
with mean [WRR,p.714,eq.(16)]:
My = /X = mPA/m'mT (HY-7)
Nov. 80 HY-14
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Source: [WRR,p.707,Figure 5]
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and variance [WRR,p.71l4,eq.(17)]:

2 2
oy = x/(2) (HY-8)
in which:
h = storm depth (cm)
2 = parameter of Gamma distribution of storm

depths, equal to |</mH (cm_l)

Equation HY-6 is shown to accurately reproduce the observed

annual precipitation probability relationship in applications to both
humid and arid-seasonal climates using only a few years (e.g., five) of

storm data.

HY-16
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3.3.2.3 Soil Infiltration

The following assumptions were made for deriving statistical equa-
tions for capillary rise from the water table (dry seasons), infiltra-
tion, exfi. tration (i.e., desorption against gravity), and percolation
to groundwater table [P.Eagleson, 1977]:

(1) Homogeneous soil

(2) No vegetation, snow or ice presence

(3) Movement of water vapor negligible

(4) Soil column is effectively semi-infinite concerning

surface processes of infiltration and exfiltration
(i.e., the water table or other boundary is deeper
than the penetration depth of the surface processes)

(5) Soil moisture is spatially uniform at the beginning

of each storm and interstorm period with a value Sy
given by the long-term temporal and spatial average

(6) Infiltration processes (infiltration, exfiltration,

gravitational percolation and capillary rise) are
considered as separable superimposable processes

(7) Infiltration is described by the Phillip equation.

The derived soil moisture velocity equations are:

Capillary Rise from the Water Table [WRR,p.728,eq.(59)]:

_[mec + 1/2 y ()" -
= [——m?:r—] K(1) [ 2 ] (HY-9)
ow n 1/2
v(l) = E [m)—] (HY-10)
Nov. 80 HY-17
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in which:

K(1)

k(1)

¥(1)

apparent velocity of capillary rise; (cm/sec)

pore size distribution index; (=)

effective medium porosity; (cm3/cm3)

pore disconnectedness index; (-)

saturated effective hydraulic conductivity (cm/sec),

= Yy k(1)
uW

spatial average effective soil permeability at

saturation; (cmz)

saturated matrix potential; (cm)

depth to groundwater table; (cm)

surface tension of pore liquid; (dynes/cm)
pore shape parameter; (-)

specific weight of liquid; (dynes/cm3)

dynamic viscosity of pore fluid; (poises)

Infiltration [WRR,p.726,eq.(42);p.723,eq.(16)]:

SnR(LY (Do, (@5 ) T2, ¢
£, (t,s) = (1-s,) oot * RO+ 55 v (Y-11)
61 = 10€0-66 + 0.55/m + 0.14/m2) (HY-12)
Nov. 80 HY-18



where:

fi = apparent infiltration velocity; (cm/sec)
n = soil effective porosity; (-)
¢i = infiltration diffusivity function; (-)

o,
1]

¢c-1-(1/m); [WRR,p.723,eq.(12)]

Exfiltration [WRR,p.727,eq.(44)], simplified for no vegetation:

1/2
| 144/2 [nK(l)‘l’(l)cbe(d):l .

fe(t’so) = % Tmt (HY-13)
where:

fe = apparent exfiltration velocity; (cm/sec)

¢e = dimensionless exfiltration diffusivity; (-)
Percolation to Water Table [WRR,p.729,eq.(62)]:

c
v(so) = K(l)so -w (HY-14)

where:

v = apparent percolation velocity (cm/sec)
Nov. 80 HY-19
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3.3.2.4 Annual Infiltration and Surface Runoff

The principal assumptions made are [Eagleson, 1977]:

(1) No evaporation from surface storage at any time

(2) No infiltration from surface storage following cessation
of precipitation

(3) No surface inflows from outside region

(4) Soil moisture is uniform at s, at the beginning of each
storm

(5) Precipitation intensity, i, and durationm, tr, are

statistically independent.

The probability density function of storm surface runoff is

determined and gives the:

Frequency of Flood Volume [WRR,p.746,eq.(72)]:

1 = m z1/2e-G--20
T v

R, (22%) 1@ + 1)/6° (HY-15)
E

Annual Average Surface Runoff, E[RSA]; [WRR,p.746,eq.(68)]:

E[RsA] -G-20
—=8_ - .

Tpa

in which [WRR,p.746,eq.(69)]:

r(c +1)/c° (HY-16)

Tg

z = st/mH

recurrence interval of flood of depth, Rej

(HY-17)

_ [%nnzK(l)V(l)(l-so)2¢i(d,so)]l/3
¢ 6n6m

Nov. 80 HY-20
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and [WRR,p.746,eq.(70)]:

G = gﬁéll [1 + sof] - aw (HY-18)
where:
n_l = mean storm depth, m, ; (cm)
§1 = mean storm duration, m (sec)
and
a-l = mean storm intensity = mH/mtr; (cm/sec)

For representative soil properties Equation HY-16 illustrates the
range of observed surface runoff values. A graphical presentation of

the surface runoff function is shown in Figure HY-3.

Net Infiltration

Based upon Equation HY-16 and because [WRR,p.747,eq.(74)]:
E[IA] =m,, - E[RsA] (HY-19)

the expected seasonal net infiltration as a function of precipitation

equals [above equation and WRR,p.746,eq.(68)]:

E[IA] -G-20
= e

g _ q_ -
E[PA] 1~ (o +1)/o- = 1-¢ (HY-20)

This also represents the fraction of all storms which do not produce

surface runoff.

Nov. 80 HY-21
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Figure HY-3

Surface Runoff Function [Eagleson, 1979]
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3.3.2.5 Potential Evaportranspiration

The "potential' evapotranspiration of an area can be estimated based

on the following assumptions [Eagleson, 1977]:

(1) The energy balance equation may be time averaged by
replacing variables by their time averages

(2) The average rates of energy advection and storage are zero

(3) Difference between surface and atmospheric temperatures
may be neglected in estimating net outgoing longwave

radiation.

The modified Penman energy balance equation can be used to estimate

the average rate of potential evapotranspiration.

qi(l - A) - q, + H

o T T L+ /) (/Y-21)
in which:
E; = average rate of insolation (ly/min)
a£ = average rate of net outgoing longwave
radiation (ly/min)
H = average sensible heat flux residual (ly/min)
A = shortwave albedo of surface
Py = mass density of evaporating water (g/cm3)
L, = latenmt heat of vaporization (cal/g)
y/8 = atmospheric parameter (a function of temperature)

Empirical values of Ei s E£ and H are presented by Eagleson (1977)

in a form suitable for practical use. (Table HY-1). The potential
evapotranspiration can be either an input variable to SESOIL or can

be estimated using the above equation.

HY-23
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TABLE HY-1

Observed Values of Annual Potential Evapotranspiration

Observed Calculated
~ocation Ref. Ep s ! ac T,? Kt 5w Ta X '0
o dnfyr __°n — °C n/sec min/cm
Mes{lld, N.M. 50 34.0 32.27 0.2¢ 14.6 0.18 0.53 4.2 5.5
Pecos, N.M. 50 35.3 35.57 C.26 13.8 0.18 0.45 4.1 4.4
Sangamon R., 111. 50 29.2 40,02 0.26 11.5 0.34 0.720 3.8 6.2
Green k., Ky. 50 31.4  37.90 0.26 13.1 0.46 0.73 3.0 6.4
Tallapovosa R, Ga. 50 33.0 32.50 0.26 15.4 0.36 0.77 2.3 8.7
Mad R., Ohio 50 25.8 40.00 0.26 10.8 0.40 0.72 3.0 8.6
Skunk R., lowa 50 27.0 40.70 0.26 9.4 0.34 0.70 4.0 4.3
W.Fork,White R.,Mo. 50 1.0 37.00 0.26 13.4 0.33 0.72 4.0 4.6
N. Platte R., Neb. 90 23,8 42.00 0.26 9.0 0.30 0.60 4.2 7.0
Black R., Wis. S0 22.2 43,93 0.26 8.0 0.40 0.74 3.5 1.9
Cyprus Crk., Tex. 50 36.2 32.00 0.26 17.9 0.20 0.75 5.0 3.5
Wagon kheel Gap,Ccl. 50 15.6 7. 1N 0.40 5.3 0.25 0.60 1.8 7.2
Merrimac R., Ma. 50 21.5  43.20 0.30 7.6 0.47 0.78 2.5 1.0
West R., Vt. 50 21,5 42,98 0.30 1.6 0.47 0.78 2.5 7.0
*Lake Cochituate,Ma. 50 23.2 42.50 0.30 10.7 0.33 0.70 4.9 3.7
Swift R., Ma. 50 23,1 42.50 0.26 8.4 0.33 0.70 3.9 5.9
*Phoenix, Aria. 45 71.8  33.43 0.05 21.3 0.20 0.43 2.7 4.8
#*Davis, Cal. 45 50.0 38.37 0.05 15.7 0.30 0.52 1.9 5.2
*Fresno, Cal. L5 60.0 36.77 0.05 16.8 0.25 0,43 2.8 3.4
*Crand Junction,Cel & 35.6 139.12 0.05 11.5 0.30 0.34 3.4 s.0
*Boise, Idaho <5 33.4 43,57 0.05 10.5 0.35 0.37 3.8 3.7
*Dodge C:ty, Kuns. ) 62.6 37.77 0.05 12,7 0.27 0.50 6.0 1.8
*Clascow, Mon. ] 38 0 48.22 0.05 5.3 0.25 0.54 4.8 3.0
*Great Falls, Mon 4 35.0  47.48 0 05 7.2 0.25 .50 5.9 3.9
*Lly, Nev. u 46.0 19.28 0.05 6.7 0.28 0.36 4.7 5.4
*Bismarc}, N.Dak. 45 34.1 48.77 0.05 5.2 0.30 0.63 L4 3.2
*Stillwater, Ok. 45 57.0 36.13 0.05 15.6 0.35 0.50 5.5 1.8
*Astoria, Ore. 45 20.0 46.15 0.05 10.3 0.50 0.80 4.0 -
®Medford, Ore. s 32.0 42,37 0.05 11.7 0.50 0.66 2.2 -
*Rapid Citv, S.D. ) 40.6 44.03 0.05 8.1 0.35 0.5¢ 4.6 3.7
*Brownsvillc, Tex. S 58.0 25.90 0.05 23.2 0.40 0.77 5.2 3.9
*Fort Worth, lex. [4 57.2 32.82 0.05 18.6 0.40 0.63 4.8 4.6
wMidland, Tex. ) 77 3] 31.93 0.05 17.7 0.25 0.50 4.5 2.0
#*Spokane, Wask. ) 38.4 47.62 0.05 8.5 0.40 0.42 3.9 4.5
*Lander, Wyo. b5 35.0 42,80 0.05 6.9 0.25 0.642 3.2 14.3

* Water surface

! pstirated frer ctiae

A = 0.26 choser 1ot vepctal surtaces (slightly gres.er for sedsonal snow or ice)d
A= 0.05 chuser 1cr water surfaces

(X}

3 Averape annual ¢ alue taben fror “acioval Weather Service Cliratological Summary at
nearest scation

“ From Cliratolegicz] Surrar: at nearest statior

Average from Cli-asi losical Surmrar a4t nearest statien

Source: P. Eagleson (1977)
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3.3.2.6 Annual Evapotranspiration

The previous background and the following assumptions lead to the

estimation of the "expected annual" evapotranspiration E[ETA]:

(1) No evaporation except from water which has first
infiltrated

(2) No effect of vegetation in bringing soil moisture to
surface

(3) Soil moisture is uniform at s, at the beginning of each
interstorm period

(4) Variance of average annual rate of potential evapotran-
spiration is negligible

(5) Ep >> w.

The annual average evapotranspiration E[ETA] is given by [WRR,p.736,

eq.(45)]:
E{E.,] _
—TA° _ gE) =1 - [1+ 2261 E + (2m)1/2 I‘[%,E] (HY-22)
Tpa
in which [WRR,p.762,eq.(70),(71)]:
28nK(1)¥(1)¢_(d)
£ = — e sod+2 (HY-23)
Trm(ep - w)
where:
B-l = mean time between storms, m (sec)
E = exfiltration parameter
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3.3.2.7 Groundwater Runoff

The annual groundwater runoff is defined as the 'net" groundwater
recharge from the unsaturated soil zone, namely the percolation flow

reduced by the capillary rise flow.

The following assumptions are associated with the potential seasonal

groundwater runoff estimate:

(1) Percolation to water table is steady throughout the wet
season at value determined by the average soil moisture,
Sy and is zero during the dry season

(2) Capillary rise from the water table is steady throughout
the entire year at the rate given by a dry surface

(3) Water table elevation, z = Z, is constant.

The annual non-dimensional average groundwater runoff, E[RgA] is
given by [WRR,p.751,eq.(20)]:
E{R_,] m K(1)
—BA 1 soc - Iw (HY-24)
TpA Tpa Tpa

Assuming that no groundwater storage occurs within a season, the total

groundwater runoff will recharge adjacent surface waters.
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3.3.2.8 Annual Hydrologic Water Balance

The annual water budget (HY-4) is given by:
E{I,(s )] = E[E;,(s )] + E[RgA(so)] (HY-25)

Equations HY-20, HY-22 and HY-24 contribute to the first-order dimension-

less water budget equation [WRR,p.766,eq.(6)]:

Groundwater:
Infiltration Recharge Loss
E m_K(1)
[1-e G 20110 + 1)0-0] - A J(E) + £ s° - v (HY-26)
P P o P
A A A
[N y fe ) \ —— J | — g
Precip. Surface Runoff Evapotran- Groundwater Runoff
spiration

A graphic presentation of function J(E), equation HY-22, is shown in
Figure HY-4 [WRR,p.737, Figure 5].

The above equation is used to define the dependent variable, Sy
which can be used, in turn, to define the separate terms of the water
budget in terms of the independent climate and soil variables and para-
parameters.

The annual water vield, YA’ is determined in this way as

and is used to transform the CDF of annual precipitation [YA(PA)] into the

CDF of annual yield according to

Y, —om | @ ()Y _1
Prob|— < z| = e 14T ———— P[vk,um_g ~(z2)] (HY-28)
v! T
A v=1
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3.3.2.9 Depth Dependent Infiltration

In the previous sections the infiltration (I) is defined as the total
depth of rainfall infiltrating the ground surface (see Figure HY-4.1).
Consequently the groundwater runoff (Rg) is defined as the excess of
water in the soil column percolating the ground, namely reaching the

saturated soil zone.

SESOIL is designed to estimate pollution distribution in the upper, middle
and lower unsaturated soil zone of the compartment. It is, there-

fore, required to have a seasonal averaged estimate of the infiltration

at a depth z of the soil column as shown in Figure HY-4.1. This estimate
(I,) is required for both the annual and the monthly simulations of the

pollutant transport,

Based upon the geometry of the soil compartment we may make the assumption
that the annual (A) -- section 3.3 of this appendix -- and monthly (M) --

section 3.4 of this appendix -- variations are given by:

I,(A,M) = Rg(A,M) + d1 . tana =

= Rg(A,M) + [1¢A,M) - Rg(A,M)] (HY-28.1)

L
du + dl
where d, and d; the depths of the upper and the lower unsaturated soil
zones respectively. The I, values estimated by the above equation are
employed by the pollutant transport routines, Appendix PT, equations

PT-6, PT-13, PT-28 and PT-31.

The layered averaged intrinsic permeability of the compartment is approxi-
mated to
kz = (du + dM + dL)/(du/ku + dM/kM + dL/kL) (HY-28.2)

and each infiltrating quantity (depth)is given by
I(A,M) = IZ(A,M) (HY-28.2)
where

k1 = kl, kz = (du+ dM)/(du/ku+ dM/kM), k3 = kz (HY-28.2)
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3.4 Model Variables/Parameters

The full set of twenty (20) parameters and variables governing the

previous equations are:

oA
E[Ep,]
e

p

Per

k(1)

H|

¥(1)

Nov.80

mean annual precipitation; (cm)
mean annual potential evapotranspiration; (cm)

mean annual rate of potential evapotranspiration; (cm)

6 ~ = mean storm duration; (days)

B-l = mean time between storms; (days)

n~l = mean storm depth; (cm)

a-l = mean storm average intensity; (cm/sec)

mean length of rainy season; (days)

duration of capillary rise from watertable ; (days)
spatial average effective soil permeability at
saturation; (cmz)

normal annual temperature of surface soll moisturn; (°C)
soil conductivity index; (-)

soil matrix potential index; (-)

soil diffusivity index; (-)

effective soil porosity; (cm3/cm3)

spatial average soil matrix potential at saturation;
(cm)

depth to watertable; (cm)

exfiltration diffusivity function: (-)

infiltration diffusivity function; (-)

spatial and temporal average soil moisture within the

soil boundary layer; (-)

HY- 29
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Introducing a twenty-first parameter,
m, = mean number of storms per season, (#)
we have ten supplementary relations in addition to the water budget

equation (HY-26):

mPA/mv (definition)

i

m, = mv(mtb + mtr)’ m, 2 1 (definition)

m, = mH/mtr (assuming independence of i and tr)

E[EPA] - mvmtbzﬁ (definition)

d = (c + 1)/2 (semi-empirical) (HY-29)
m = 2/(c-3) (semi-empirical)

T = cne year (definition)

y(1) = ¥(n,k(1), ?a); [WRR,p. 724 ,eq. (17)]

¢i = ¢i(d,so) (Figure HY-5)

$o = ¢e(d) (Figure HY-6)

To solve the water budget relation for the dependent variable,
S,» We must therefore specify the values of ten parameters (i.e., 21
variables minus 11 equations). Thus:

(1) INPUT parameters to the model are:

Soil system:
k(1), ¢, n, ?a, and 2 (HY-30)

Climate System: Five independent parameters may be chosen

from the set of six:

Mpa? €p’ Mys Meps My Ty (HY-31)
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Dimensionless Infiltration Diffusivity

Source: [Eagleson, WRR,p.727, Figure 9]

Nov. 80 HY- 31

Arthur D Little Inc



| \ " |FOR INTEGER VALUES OF d |

_ g | . : d (_”n —_
-|+E i \I) ¢e(d)={|+l.85ng'm(g)} |
4+ 3

|

|
N

3 \\
O lf) . s9 ¢ (d
L= KD W) o %l ) |
2 |

©

[

Figure HY-6

Dimensionless Exfiltration Diffusivity

Source: [Eagleson, WRR,p.727, Figure 10]
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(2) OUTPUT parameters from the model are:

So° P

R

Sp RSA’ gA’

A Fra
An example of input and other climatic data for sub-humid (Clinton,
Massachusetts) and an arid (Santa Paula, California) climate-soil
system is shown in Table HY-2.

Representative indeﬁendent soil properties nominal values
covering a range of observations (Eagleson 1977) are given in
Table HY-3. It is important to notice that there is no unique
association of the particular ¢ and n values with the tabulated
value of k(1) for each soil. Derived (Eagleson 1979) climate-soil
parameters for indicated climatic and soil input are given, as an
example, in Table HY-4. The latter values are derived using

Table HY-3 wvalues.

Note: Model users should validate their model output based upon
"water balance" data from a given site, and they should never rely
upon the derived parameters of Tables HY-3 and HY-4. These tables
should not give the impression, for example, that they contain all
one needs to know about soil. That is, if the soil is clay it has
the properties of the first column of Table HY-3. This is not the
case of course, since soil stratification properties are of paramount
importance and may drastically alter the k(l), n and ¢ values of a
site. The soil properties are critical to the moisture fluxes and
are tremendously variable spatially. Use of point measured soil
properties can yield results of only local (and hence not really

averaged) character.
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TABLE HY-2

Independent Soil and Climate Parameters

for a Sub~Humid and an Arid Climate Soil System

Location
Parameter Units Clinton, Mass. Santa Paula, Ca.
n - 0.35 0.35
(1) cm2 2.8x10710 1.2%10°°
c - 10 s!)
m, cm 94.1 54.4
_ A
ep cm/day 0.15 0.27
mtr days 0.32 1.4
m days 365 212
m, - 109 15.7
my cm 1.0 3.0
Z m o ®
Ta °c 8.4 13.8
Mey, days 3.0 10.4
3 - 0.50 0.25
hy cm 0.1 0.1
ky - 1 1
© day~! 0.30 0.084

Source: Eagleson [WRR,p.717, Table 1]

1)See comment on Table HY-3.
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TABLE HY-3

INDEPENDENT SOIL PROPERTIESI) FOR VARIOUS SOIL TYPES

Property

Soil Typez)
(Variable) Clay Clay-Loam Silty-Loam Sandy~-Loam
k(1) [em?] 1x10-10 2.8x10°10 1.2%107° 2.5%1079
n 0.45 0.35 0.35 0.25
c 12 10 53) 4

Source: Eagleson 1977, p. 256.

1)See limitation discussion in previous pages$.

2)Derived by using Table HY-4 values and the
corresponding .environments.

3)Personal communication with Eagleson. 1In his
publications c(silty-loam) = 6; however, later
investigations indicated ¢ = 4.5-5.5. An average

value ¢ = 5 is given here.
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TABLE HY-4

DERIVED CLIMATE-SOIL PARAMETERS
FOR A CLIMATE AND RELATED SOIL TYPES (OF TABLE HY-2)

Climate: o = 1.5 x 104 sec/m ; § = 1071 hr-1

8 =7 x10° bt my = 2.5 cm

m_ = 365 days 3 om, = 75 events

T =15 °C

a

Derived Climate-Soil Parameters
Derived Parameter Clay Clay~Loam Silty-Loam Sandy-Loam
m 0.222 0.286 0.667 2
d 6.5 5.5 3.5 2.5
¥(1l), cm 25 19 166 200
K(1), cm/sec 8.2 x 107 2.32x107° 9.94 x 107> 2.08 x 1074
¢e(d) 0.0385 0.0494 0.0920 0.1430
¢i(d,0) 0.122 0.140 0.194 0.240
¢, (d,1) 0.6 0.6 0.6 0.6
G(0) 0.0621 0.174 0.746 1.560
G(1) 0.124 0.348 1.490 3.120
g(0) 0.432 0.482 1.340 1.220
o(1) 0 0 0 0
T'(o(0) +1) 0.886 0.886 1.200 1.110
T(o(l) +1) 1 1 1l 1
5(0)~9(0) 1.44 1.42 0.68 0.79
5,(0), em/sect’/? 1.04 x 1072 1.27 x 1002 5.97 x 1072 5.15 x 1072
Si(l)’ cm/secl/2 0 0 0 0
s (0), em/sect/? 0 0 0 0
e 1/2 -3 -3 -2 -2
Se(l), cm/sec 4,54 x 10 5.82 x 10 3.19 x 10 3.08 x 10
Source: Eagleson [1978, 1979]
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3.5 Water Balance Sensitivity

Equation HY-26 and its component equations were used by Eagleson
(1979) in studying the sensitivity of the model to variation of the
climatic or soil parameters. For the climatic parameters of Table HY-2
the sensitivity of the average annual water budget components is presented
as a function of the soil permeability and soil porosity in Figures HY-7
and HY-8 for both locations, Clinton, Massachusetts and Santa Paula,
California.

According to Eagleson, by comparing the two columns of Figure HY-7
we see contrasting behavior only in evapotranspiration and soil moisture.
Beginning with the former, we see insensitivity of ETA to soil proper-
ties in the sub-humid climate except when the soll gets very permeable.

For the arid climate, however, E is sensitive to the soil properties

TA
over their full range.

In the humid case, the supply of water is adequate and the soil
moisture will be largest where the permeability readily admits water
(and holds it against gravity). This requires a small ¢ which occurs
for small k and large m (i.e., small c).

In the arid case where the evapotranspiration is controlled by the
moisture supply to the surface, Sy will be largest where the moisture
movement to the surface, as given by E, is smallest. This will occur
for small k(1) and large d (i.e., large d).

The runoff behavior is qualitatively the same in both climates.

For small k(1l), the total yield is predominantly surface runoff because

the water cannot enter the soil. This component increases with c due
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to decreasing permeability and it decreases with increasing k(1) due
to increasing permeability. The groundwater component also increases
with k(1). The "saddle" in the Santa Paula groundwater component with
increasing c results from the behavior of the factor s;: where g, is

less than one and is increasing with c.

For additional information regarding the sensitivity analysis the

reader is referred to the original publication of P. Eagleson [WRR,
p.749].
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3.6 Subroutine HYDROA

3.6.1 Equation Summary

The water balance model, as presented previously, has two distinc-
tive working-steps:
(1) Based upon climatic data, the soil moisture, 8,9 is
determined;
(2) Based upon the soil moisture value, S,» any desired
seasonal water balance component is obtained.
Therefore:
(1) The soil moisture, 8g3 is estimated by the first order

conservation equation

Groundwater:
Infiltration Recharge Loss
P —— " i — p—
E[E,,] m K(1)
-2 1o+ 10 = —22 5@ + 12— & - @y
A Tpa A
[N s - S— o [ - & L' S— _—
Precip. Surface Runoff Evapotran- Groundwater Runoff
spiration
in which:
a c
G = E-K(l)[l + 5, ] - aw (HY-33)
2 2 1/3
|3 RO¥(DQA - s )¢i(d,so):|
o= 6mém (HY-34)
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J(E) =1-(+ VZ - E) -

w = K(1) [1+3me-1)] [¥(1)/2]"

28mK(DY(D0 () 4
s
o

E=
mm(e -w)2
P

eE 4 VZE -

r[3/2,E] (HY-35)

(HY-36)

(HY-37)

The values of any desired seasonal water balance component are

estimated by substituting a value for s, in Equations H-32 through H-36,

namely for:

Infiltration

I,/P, =1 - e % 1o+ 1)0°
Surface Runoff

R,/P, = e 1o + 1)o°
Evapotranspiration

Epy/By = ;35 J(E)

A

Groundwater Runoff

R /P, = m k@) s -

gA' A PA o PA

Annual Yield

Y, /P, = E§é§t—555 = 1-Ep, /P,

A
Nov. 80 HY-42
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Precipitation

Cc
PA = E[EPA] J(E) + mT K(1) So -T «w (HY-43)

l-e¢e T 3

where: E= e_zo-r(0+l)
o

Equation HY-43 is another form of the water balance equation HY-32,
that is employed in the step-by-step calculation procedure, section
3.6.3.
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where:

E[ ] = expected value of [ }
T() = Gamma function of ( ) (see Table HY-5)
E[EPA] = long-term expected (average) annual

potential evapotranspiration (cm)
mPA = average annual precipitation (cm)
G = gravitational infiltration parameter

(Equation HY-33)

o] = capillary infiltration parameter (Equation HY-34)
J(C) = evaporation function (Equation HY-35)

E = evaporation parameter (Equation HY-37)

w = apparent velocity of capillary rise from

water table (cm/sec)

c = pore disconnectedness index = ln[K(so)/K(l)]/lnso
T = time (year)
L = long-term average length of annual rainy season (days)
K(1) = saturated effective hydraulic conductivity
(cm/sec)
so = long-term average effective soil moisture

concentration in the unsaturated soil zone
. - =1
a = reciprocal of mean storm intensity = m,

(sec/cm)
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Table HY-5

Values of the Gamma Function

(%) X T(x) X I'(a)
1.00 1.000 1.34 0.892 1,68 0.905
1.01 0.994 1.35 0.891 1.69 0.907
1.02 0.989 1.36 0.890 1.70 0.909
1.03 0.984 1.37 0.889 1.71 0.911
1.04 0.978 1.38 0.889 1.72 0.913
1.05 0.974 1.39 0.888 1.73 0.915
1.06 0.969 1.40 0.887 1.74 0.917
1.07 0.964 1.41 0.887 1.75 0.919
1.08 0.960 1.42 0.886 1.76 0.921
1.09 0.955 1.43 0.886 1.77 0.924
1.10 0.951 1.44 0.B886 1.78 0.926
1.11 0.947 1.45 0.886 1.79 0.929
1.12 0.944 1.46 0.886 1.80 0.931
1.13 0.940 1.47 0.886 1.81 0.934
1.14 0.936 1.48 0.886 1.82 0.937
1.15 0.933 1.49 0.886 1.83 0.940
1.16 0.930 1.50 0.886 1.84 0.943
1.17 0.927 1.51 0.887 1.85 0.946
1.18 0.924 1.52 0.887 1.86 0.949
1.19 0.921 1.53 0.888 1.87 0.952
1.20 0.918 1.54 0.888 1.88 0.955
1.21 0.916 1.55 0.889 1.89 0.958
1.22 0.913 1.56 0.890 1.90 0.962
1.23 0.911 1.57 0.890 1.91 0.965
1.24 0.909 1.58 0.891 1.92 0.3%69
1.25 0.906 1,59 0.892 1.93 0.972
1.26 0.904 1.60 0.894 1.94 0.976
1.27 0.903 1.61 0.895 1.95 0.980
1.28 0.901 1.62 0.896 1.96 0.984
1.29 0.899 1.63 0.897 1.97 0.988
1.30 0.897 1.64 0.899 1.98 0.992
1.31 0.896 1.65 0.900 1.99 0.996
1.32 0.895 1.66 0.902 2.00 1.000
1.33 0.893 1.67 0.903

Source: Eagleson, 1977
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Arthur D Luttle Inc.



n = effective soil porosity = volume of active
voids/total volume

n = reciprocal of mean storm depth = nﬁ;l (cm-l)

¥(1) saturated soil moisture potential (cm)

[equation HY-10])

% n .1/2 (10-0.66—0.55/m-0.14/m2)1/2

;;'[E?Iy]

%, = surface tension of pore water (dynes/cm)

Y, = gpecific weight of pore water (dynes/cm3)

k(1) = gpatial average saturated effective intrinsic
permeability of soil (cm) = K(l)uw/yw (see
Table HY-3)

M = dynamic viscosity of pore fluid (poises)

¢i(d,§o)- dimensionless infiltration diffusivity (see
Figure HY-5)

8 = reciprocal of mean storm duration (days-l)
= m'l

tr

m = 2/(c-3) pore size distribution index (Brook,
R.H., et al; 1964)

B = reciprocal of mean interstorm period = m;i

9, (d) = dimensionless exfiltration diffusivity (see
Figure HY-6)

Eb = potential rate of evaporation from a bare
soil surface (cm/sec)
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o
]

(c + 1)/2 = diffusivity index

e~20 . I'(o + 1)0 9; surface runoff function

£(o)

(see Figure HY-3)

With Equations HY-32 through HY-42 the average seasonal water
balance can be displayed graphically in a variety of ways, one of which

1s illustrated in Figure HY-10 for an annual water cycle.
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Climatic Influence of Annual Water Balance

Eagleson (1979)
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3.6.2 1Input/Output Variables

INPUT date to HYDROA are categorized into the three groups of:

(1) cClimatic data:
either: Ep (cm/day)

or: the data set

L (°N)

T, ("0

S (fractional)
A ()

NN (fractional)

(2) Storm data:

T = 365 (days)

“pa (cm)

m (day)

m ()
‘m (days)

(3) Soil data:

k(1)  (cm?)
c )
n (=)

Above variables are stored in arrays CLIMAl, CLIMA2 and SOIL1 of the
SESOIL Data Base; see Appendix DF, Data Files.

OUTPUT data from HYDROA is the data set.

Y-49
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3.6.3 General Calculation Procedure.

The calculation of the annual water balance has the following

major steps.

(1) Estimation of initial parameters

1.1 Estimation
1.2 Estimation
1.3 Estimation

1.4 Estimation

(2) Solution of the

Nov.

of climate parameters
of soil parameters
of potential evapotranspiration

(or input) of annual evapotranspiration

annual water balance equation HY-32

2.1 Solution of the water balance equation HY-32 (i.e.

estimation of so) is best accomplished by employing

an iterative procedure for so

assuming an S, and consequently estimating P, via

eq. HY-43,

2.2 Estimation of water balance components for the assumed

s _ value.
o Valu

2.3 Comparison

A

of estimated PA versus assumed mPA

to obtain the solution.

80
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4.0 LEVEL2 - MONTHLY "ESTIMATED" HYDROLOGIC CYCLES
4.1 General

Subroutine HYDROM estimates the monthly (M) hydrologic cycle components
of the soil compartment. HYDROM is based upon the theory of HYDROA

discussed in the previous section.
4.2 Definitions
See Section 3.2.

4.3 Monthly Mathematical Analysis

4.3.1 Principal Assumptions

The principal assumptions made are:
(1) The assumptions made for the annual warer balance

(see Section HY-3.3.1l); and

(2) The response of the environment (eg. moisture content)

"continuous"

at the end of a month with "constant" and
rain MPA is "similar” to the response of this environ-
ment at the end of a year with constant and continuous
rain of the 12 (MPA). Mathematical Linearity of

Processes (Dooge 1973) is assumed.

4.3.2 Theoretical Overall Approach

To reduce the averaging time of a simulation from a year to a
month or shorter, traditionally modelers develop a numerical, finite-
difference solution to the basic equations, thus '"scaling down' the

temporal resolution of equationms.

To by-pass the numerical discretization difficulties of the literature,
in SESOIL the temporal resolution of the equations is "scaled up."

That is, the monthly subroutine HYDROM employs subroutine HYDROA which
is now run 12 times in a year for 12 '"typical" years. Lach typical
year has, for example, an annual precipitation that equals 12 times

the precipitation of the month to be simulated. At the end of the
"typical" year simulation, the annual output variables PA IA’ ETA’ RSA’

RgA are divided by 12 in order to estimate the monthly values of the
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month under consideration, while the annual output value s, (moisture
content) is kept at the typical annual year output value. However,
because of the new time resolution issue, the change in soil moisture
storage from month-to-month becomes important. To account for this
moisture budget transfer (from time t-1 to time t) in the entire

column, a moisture storage term Asy = z-n(so(t)-so(t—l)) has been added
to the denominator of equation (HY-43) to balance (via precipitation) the
deficit or surplus of moisture in the course of the months. The mathe-
matical derivation of this logic can be traced from equation (HY-3)

in conjunction with equation (HY-0) and will be documented in the

future in this section.

In addition to the soil moisture storage issue, the authors had to

retrieve solutions of equation HY-43 when mPA=0 (no rain) because in

the original Eagleson theory, when mPA=0’ m’fo and in that case many
parameters (eg. a, 6, 0, G) tend to «». The designed scheme will be presented
in the revised documentation, but principally when mpa=°’ the o(t-1),

G(t-1) function of a previous time step (t-1) have been used for time

step (t).

Finally the authors have accounted for a '"smooth" soil anisotropy along
the soil column by employing the theoretical background given in
Freeze & Cherry (1979, p. 32). Documentation will also be presented

in the near future.

Averaged annual estimates of the soil moisture content (sg) calculated
with both the subroutines HYDROA and HYDROM, gave an excellent correla-
tion, thus leaving the authors to believe that the accuracy obtained

from HYDROM is satisfactory.
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4.4 Input/Output Variables

INPUT data to HYDROM are the:

(1) 1Input data to HYDROA, and

(2) The 12 monthly storm depths mP(M); (cm)

Above variables are stored in arrays CLIMAl, CLIMA2 and SOILI
of the SESOIL Data Base; see Appendix DF (Data Files).

OUTPUT data from HYDROM are 12 data sets (one for each month)
so(M), P(M), I(M), RS(M), Rg(M), Y(M)

M = 1 through 12; October through September

This data is stored in array HYDBAL.
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5.0 MODEL EXTENSION
5.1 General
The hydrologic cycle routines (HYDROA, HYDROM) are based upon on analytic

solution (versus numerical) approach and can be operated for monthly and
annual simulations. The routines employ Eagleson's annual water balance
model, the state of the art in analytic hydrologic research, which
provides excellent theoretical insight to the coupling of the water
balance components. This model is very easy to operate with a minimum

of inputs. In addition the hydrologic cycle routines provide the feature
of not requiring calibration procedure of non-physically based parameters
(i.e. coefficients). Their hydrologic routines are suitable, for the

time being, for:

® Seasonal (i.e. annual or monthly) simulations;

e Omission of snow or ice phenomena;

® Omission of energy and surface moisture storage
in soil processes;

e Omission of vegetal influence on soil moisture
movement;

® Linear superposition of moisture phenomena.

To remove the above constraints and reduce the seasonal period to less
than a month (eg. storm-by-storm event), theoretically, it is necessary
to formulate a finite difference solution to the basic equations.
However, authors have a different approach to this issue, encompassing
the use of the developed monthly routine (HYDROM) and the use of a
finite difference moisture movement model. The latter will be "self-

calibrational" based upon input information received from HYDROM.

For either vegetated or bare soils (but particularly the former), the
effect of surface retained water and of moisture fluctuations to the
fluctuations of the groundwater table 1s of importance and should be

included in this model development. In certain climates, such as the
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Pacific Northwest where the rain is intermittent drizzle with broken
spells of sunshine, this fluctuation can be quite a significant item in
the annual/monthly water balance estimates (Personal communication with

Eagleson).

The phenomena of snow pack/melt and interception might be handled by
assuming (in the future, however), in a semi-theoretical way, an increase
(snow melt) or decrease (snow pack, interception) in precipitation.
These water quantities can be separately estimated (see subsequent
sections) and added or subtracted from the unit-term of equation HY-32.
The snow pack/melt phenomenon might be also treated mathematically as

increased "

soil permeability,'" but additional thinking is required for
this approach. A short discussion regarding above processes is given

in the following sectionms.

5.2 Snow Pack/Melt

Two well known methods for modeling snow pack/melt phenomena are:

(1) the Heat Balance Method; and (2) the Temperature Index, or
Degree-Day Method. The first was developed by the U.S. Army Corps

of Engineers and has been successfully applied in numerous cases.

The Heat Balance Method requires extensive calculations, taking
account of phenomena such as radiation, melt, condensation-convection
melt, rain melt, snow density and compaction parameters, areal
coverage, snow evaporation, snow pack heat and snow pack liquid

water storage. The Temperature Index Method is extremely simple,

but it has been reported to provide estimates which are of the same
accuracy as those of the detailed Heat Balance Method (Novotny, 1976).
SESOIL might employ, for example, the Temperature Index Method,
adopted, however, to SESOIL'S theoretical needs:

S = abs(k _*T ) (HY-44)
m S a
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in which:

Sm = snowmelt intensity(cm/day)

E; = mean daily air temperature (°C); input variable
T < 0°C (snow pack), T > 0°C (snow melt)

ks = snowmelt coefficient (cm/°C.day); input variable

abs =

absolute value (i.e., S, 2 0)

When the average daily temperature is below freezing temperature
(i.e., T < 0°C), precipitation becomes snowfall and accumulates as
snow pack providing a minimum runoff. Conversely, when the average
daily temperature is above freezing (i.e., T > 0), the snowmelt

quantity is added to rainfall runoff (if any) for that period.

A simplified calculation procedure might be as follows:

Subtract (when T < 0) or add (when T > 0) the quantity S; = Sm. PA/At
from the unit term on the left-hand side of Equation HY-32 (where At
the simulation time step); and use the hydrologic cycle subroutines

as previously described.

5.3 Interception

Interception is a function of the type and extent of vegetation,

land use and meteorologic characteristics (wind, temperature, solar
radiation, precipitation, etc.). In nature, all precipitation is
assumed to enter interception storage until it is filled to capacity.
Water is removed from the interception storage by tramspiration, which
may occur even during rain. For,soil interception is modeled as a
"one way" phenomenon, namely as a precipitation volume retained by

vegetation, which for a particular season equals (Novotny et al, 1976);

I_(a,M) = 2.54 (a + b (P/2.54)™ & c-P(A,M)/2.54 (HY-45)

Dec. 81 HY-57

Arthur D Little Inc



where:

Ir(A,M) = intercepted rainfall; annual, monthly (cm)
P=P(A,M) = average seasonal precipitation (cm);

a,bm = constants (Table HY-6)

c = % coefficient of average interception (Table HY-6)

A simplified calculation procedure might be as follows:

Subtract the quantity ¢ of the above equation from the unit pre-
cipitation term on the left-hand side of Equation HY-32 and use the
hydrologic routines (annual, monthly) as described in a previous

section.

6.0 REFERENCES

References of this section only are given in appendix RE.
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TABLE HY-6

Constants a, b, m of the Interception Equation (H-52)

Vegetal cover a bei'e o
Orchards 0.04 0.18 1.0V
Ash, in vouds 0.02 0.1 1.03
Beech, in woods *0.04 0.18 1.00
Oak, in voods 0.05 0.18 1.00
Maple, in woods 0.04 0.18 1.90
Wellow, shrubs 0.02 0.40 1.00‘
Hemlock and pine woods 0.05 0.20 0.50 , ;o0
Beans, potatoes, cabbage

and other scoall hiiled

erops 0.02h 0.15h 1.00
Clover and meadov grass 0.005h 0.08h 1.00
Forage, alfalfa, vetch,

nillet, etec. 0.01h 0.10n 1.00
Seall grains, rye, vheac,

batley 0.005h 0.05h 1.00
Corn 0.00Sh 0.005h 1.00

This approximation is reasonable for the sole purpose of using
the equation (HY-45); Ir = c.P(A,M)/2.54

The symbol h refers to the height of the plant (h in m)

Source:

80

Novotny, et al, 1978.
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1.0 INTRODUCTION

The SESOIL terrestrial washload simulation provides a quantitative
seasonal prediction of soil sediment transport because of rainfall
erosion.

Soil washload is the overland sediment transport of fine particles
carried by surface runoff. Nutrients and pollutants can be adsorbed
readily on fine soil particles and carried to receiving water bodies.
In addition, sediment itself is a serious pollutant of surface water
resources. The washload magnitude can be related to the available
supply of solid particles in a watershed.

Washload is usually caused by land erosion and is defined by the
American Geophysical Union (Konrad, et al, 1978) as the part of the
sediment load composed of particles smaller than those found in appre-
ciable quantities in the shifting portion of the streambed. The bed-
load portion is composed mostly of larger particles--sand and gravel--
which originate from gulley and river bank erosion. It does not possess
the high adsorptive capacity characteristic of clay and fine soil
particles and may not be a significant nutrient or pollutant carrier.

Increased awareness of the ecological and financial consequences
of severe erosion and resulting sedimentation on both urban and
agricultural lands has increased the need for better methods of esti-
mation deposition and sediment yield. Section 208 of Public Law 92-500
requires planning Agencies to develop plans for evaluating and con-
trolling pollution, including sediment from nonpoint sources. Prediction
equations for sediment yields are desirable in all these plans.
[Neibling, W.H. and G.R. Foster, 1977.]

The mechanics of washload are very comples and it is impossible to
formulate a realistic "all purpose' mathematical model at the micro-
level, that will account for all variables describing the physics of
transport. However, numerous mathematical algorithms for estimating
sediment yield are available in the literature. The choice of an
algorithm depends on the watershed characteristics, input data and
objectives of the modeling effort, but in general, sediment washload
can be estimated using: (1) empirical models; or (2) theoretically

developed models.
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Well known and widely used empirical models, formulated employing
statistical techniques to measured sediment transpbrt yields, are the
Universal Soil Loss Equation (USLE) developed by the US Department of
Agriculture [Wischmeier, W.H. and D.D. Smith, 1978], and the Raiting
Curves Sediment Method (RCSM) [Novotny et al.]. Excellent discussions
of such models have been presented in the literature by Novotny
[Novotny, V., 1980] and Foster [Foster, G.R., 198 ].

Theoretically-developed sediment yield models can be categorized
into stochastic yield models [Murota and Hashino, 1969; Woolhister and
Todonivic, 1974}, models using kinetic wave theory [Madsen and Grant,
1976] and models using the continuity mass transport equation [Foster
and Meyer, 1972, and Adams, et al., 1976]. It is beyond the scope of
this appendix to present a review of all models, rather an effort is
made to shortly document employed models to performing '"annual” and
"monthly" sediment simulation. SESOIL employs: (1) USLE for annual
simulations; and (2) two theoretically developed sediment yield models

for monthly simulations.
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n 2
2.0 ANNUAL SEDIMENT YIELD SIMULATIONS
2.1 General

Subroutine SEDIMA (Sediment Annual) of the model simulates annual
sediment (soil) losses for a particular area. SEDIMA is employed by
both LEVELO and LEVEL1 SESOIL simulations. Simulations are performed
via the Universal Soil Loss Equation (USLE) as developed and documented
by the US Department of Agriculture. [Wischmeier and Smith, 1978.]

The USLE initially developed for areas (regions) east of the Rocky
Mountains has been applied to the entire United States for both urban
and agricultural areas. The USLE enables planners to predict the
average rate of soil erosion for each feasible alternative combination
of crop systems and management practices in association with a specified
soil type, rainfall pattern, and topography. The equation has been also
applied to construction sites and other nomagricultural uses.

The USLE does not predict deposition, does not estimate sediment
yields from gully, streambank and streambed erosion; it is applicable only
for annual sediment transport predictions mainly originating from small
watersheds subject to sheet and rill erosion. In case the USLE has to
be applied to specific storm events or time periods, less than a year,
two recent reports [Foster, G.R. et al., 1977; Oustand, C.A. et al.,
1975] are recommended by the equation developers [Wischmeier and Smith,
1978]. SESOIL, however, does not employ for monthly or after-each-
rainfall-event sediment simulations the USLE; therefore, above issue
is not of concern.

In the following sections a summary of the USLE theory is presented
in order to make this appendix a self-contained document for SESOIL
users. Additional details regarding the USLE are to be found in the

original publication.
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2.2 Universal Soil Loss Equation (USLE)
2.2.1 General
The USLE is
A=RKLSCP (SW-1)

Several studies [Roehl, 1962; Denfro, 1975; Novotny, 1980] have shown
that the upland erosion estimated either by an erosion model or extra-
polated from measurements on small plots, does not equal the sediment
nor pollutant yield measured at the watershed outlet. This fact is
applicable to the USLE theory as well. To overpass these differences,
a sediment delivery ratio factor D, was introduced by Novotny [Novotny,
et al., 1978] to account for resettling of particulate matter after or

during the overland flow. Thus, the USLE equations is formulated as:

SYA=RKLSCPD (SwW-2)

where

SYA = annual sediment yield of basin
= estimated soil loss by the USLE
= rainfall and runoff factor
= soil erodibility factor
slope-length factor
= glope-steepness factor
= cover and management factor

= support practice factor

O v O »n R x>
0

= gediment delivery factor

Above factors, their units, and their numerical values for practical
application (related to LEVELO and LEVELl simulations) are discussed
in the following sections. A numerical example for sediment yield
delivered by an agricultural small watershed in Clinton, Massachusetts

is presented in section 2.4.
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2.2.2 Rainfall and Runoff Factor (R)

The factor R encompasses a rainfall erosion index unit factor and
a factor for runoff from snowmelt or applied water where such runoff is
significant.

Data have shown that the rainfall factor used to estimate the
average annual soil loss must include the cumulative effects of many
moderate-sized storms as well as the effects of the occasional severe
ones. The latter ones are represented by a rainfall erosion index (EI)

theoretically presented for "single rainfall events" by the equation:

Rr = EI/100 (SW-3)
with

EI = 210 + 89 log10 130 (SW-4)
where

Rr = R factor for single storm events [cm/hr]

E = total energy of rain [metric-ton meters/ha/cm of rain]

I3 = maximum 30-minutes rainfall intensity [em/hr]

100 = units conversion factor (from english to metric)

However, for long-term and annual simulations the local value of the
above index generally equals R for the USLE. R-values have been
compiled by the equation developers, and can be obtained for use for
both LEVELO and LEVEL1l simulations from the isoerodent map

[Wischmeier and Smith, 1978, p. 7] presented in figures SW-1 and SW-2.
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2.2.3 Soil Erodibility Factor (K)

The K factor in the USLE represents the soil loss rate per erosion
index unit for a specified soil as measured on a unit plot, which is
defined as a 21.8 m (72.6 ft) length of uniform 9% slope continuously
in clean-tilled fallow.

The K factor in the USLE is a quantitative value experimentally
determined on a "unit" plot arbitrarily defined. Representative
values of K for various soil types and texture classes can be obtained
from tables prepared by soil scientists using the latest available
research information and data. Table SW-1 and SW-2 are two examples.

For soils containing less than 70% silt and very fine sand, the

following regression relationship has been derived by the USLE

developer:

K=21x102u 1% (1074 (12-a) + 3.25 (b-2) + 2.5 (c-3)  (SW-5)
where:

M = particle size parameter [mm]

a = % of soil organic matter [-]

b = soil structure code used in soil classification

¢ = profile permeability class

Above equation is presented for practical application and is in figure
SW-3. In tests against measured K values ranging from 0.03 to 0.69,

65% of the nomograph solutions differed from the measured K values by

less than 0.02 and 95% of them by less than 0.04.
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TABL Sw-

Jd K Sodn m Eeeadiow
Cw}p ks %ﬁw S Hahaac

TABLE 1 —( omputed K valves for soils on eiosion
research stations

Soul Source of dato Computed K
Dunairk silt Icon Geneva, NY '0 69
Keene silt loom 2anesville, Ohio 48
Shelby loom Bethany, Me 41
Lod: loom Blacksburg, Vo 39
Fayotte silt loc n LoCrosse, Wis '38
Cec | sondy cluy loamn Wathinsville, Go 36
Marshall ul* lc am Clarinda, lowo 3
Ida silt loom Cestona, lowa 33
Mausic clay Joim Hoys, Kans 32
Hac erstown il 7 cloy loom Stote College, Pc n
Ausin clay Temple, Tex 29
Mesico silt focn McCredie, Mo 28
Hareoyc milt le om Morccllus, NY 28
Cec! sandy loim Clemson, SC. 28
Ontono loom Geneva, NY 27
Ceal cloy loom Waotkinsville, Go 26
Baswell find s01dy lcam Tyler, Tex 25
Cecil sondy lcm Watkinsville, Ga 23
Zaneis fine sar dy loam Guthrie, Okla 22
Tif1on loomy s nd Tiften, Ga 10
Frezhold loam- sand Marlboro, N J 08
Bath floggy stl' loam witn surface Arnot, N Y 05
stones > 2 inches removed
Albie gravelly loam Beemerville, NJ 03

'Evaluoted rom continvous follow All others were computed
from rowcrop cato

Sowre : Luvhwmeer ¢ Swil, 19¢]
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TABLE Sw-2

Tole -2
TSRS —Approxuncie values of the soil erodibility facter, K, for 10 benchmork soils in Hawait
Order wborder  Grea* grovp Subgroup Famsly Series K
Ult sols Homuls  Tropohumulss  Humoair Tropohumul . Clayey, bauchnitic, ssohyperthermic Waikane 0.10
Ouisols Tirmox Torrox Typic Torrox Clayey, kaolintic, sohyperthormic Molokoi 24
Oasols U-tox Evtrustox Tropeptic Eutrustor Clo, ey, koolinitic, wohyperthermec Wahiowa 1?7
Ve:tisols U terts Chromusterts  Typic Chromusterts Ver, fine, montmonillonitic, sohyperthermic Lualualei 28
Kowaihoe 32
Andisols C thads  Comborthids Ustollic Camborthids Mecial, isohyperthermic (Extremely stony phose)
Incephisols Ardepts Oystrondepts  Hydrne Dystrondept: Thixetropsc, 1sothermic Kukeoiay A7
Incophisols A sdepts  Evirondepts Typic Eutrondepts Memiol sohypertheranc Naolehu (Varioat) .20
Inceplisols Asdepts  Eutrandepts Entic Eutrondepts M chol, sohyperthermic Pakins 49
Intephsols  Aadepts  Hydrondephs Typic Hydrondephs Thirotropie, sohype rihermic Hilo 10
ln:epmo_l_s‘ T crept,  Ustropept: Vertie Ustropepts Very fine koolimic, nohyperthermic Woipahu 20

@ £l Swoif; and Dongler {9)
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2.2.4 Topographic Factor (LS)

Both the length and the steepness of the land slope affect the
rate of soil erosion by rain. The two effects have been evaluated

separately in research and are presented in the USLE by:

L, the slope length factor, which is the ratio of
soil loss from the field slope length to that
from a:21.8 m (72.6 ft) length under identical

conditions; and

S, the slope-steepness factor, which is the ratio
of soil loss from the field slope gradient to
that from a 9% slope under otherwise identical

conditions.

LS, therefore, is the expected ratio of soil loss per unti area
from a field slope that from a 21.8 m (72.6 ft) length of uniform (9%
slope under otherwise identical conditions. The following equation
was derived [Wischmeier and Smith; 1978].

LS = (0.045 ,)™ (65.41 sin°0 + 4.56 sind + 0.065) (SW-6)
where

A = slope length [m]

© = angle of slope

me= 0.5 for 4.5% < 0 < 4.5%

0.4 for 3.5%2 < ¢
0.3 for A <O« 3.52
0.2 for e < 17

A graphical presentation of equation (SW-6) is presented in
figure SW-4. Those who prefer a table may use table SW-3. TFor
irregular slopes, the LS values (figure SW-4, table SW-3) have to be
adjusted [Wischmeier and Smith, 1978, p. 16]:

(1) by using table SW-4, and

(2) as shown in table SW-5

sW-13
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TPLE Sw-3
16 values

>
TABLE @Valves of the tapographic facir, LS, for specific combmnations of slope length
and .teepness'

Slope length (fee?}

Fetcent
slape 25 50 75 100 150 200 300 400 500 600 800 1,000
[ 0060 0069 0075 0080 (086 0072 0099 0105 0110 01114 0121 0126
0: 073 .083 090 096 104 110 119 126 132 137 145 152
o 086 098 107 m 123 130 141 149 156 162 171 179
¢ 133 163 185 201 227 248 280 305 326 344 376 402
3 90 233 264 287 .25 354 400 437 466 492 536 573
é 230 303 357 400 Al 528 621 657 762 820 920 10i
) 268 379 464 536 A56 758 928 107 120 131 152 169
¢ 36 476 583 673 824 952 117 135 150 1465 190 z13
£ 496 701 859 972 0 14 172 168 222 243 201 314
1C 685 968 119 137 168 194 237 274 3085 336 387 4N
1 903 128 156 180 221 255 313 36} 404 442 51 571
1. 115 162 199 230 28! 325 398 459 513 562 649 726
16 142 201 246 284 348 401 492 568 635 695 803 898
15 172 243 297 343 421 386 595 687 768 B84l 'Nn 109
A 204 288 353 408 500 577 707 818 912 100 V15 129

1S =N 726 (6541 sin (1 4 456 sin () - 0065) where N slope length in foet, m 02 for
cracients < 1 percent, 03 for 1 to 3 percent +lopes, 0 4 for 35 te 4 5 percent slopes, 05 for 5 percent

slop's onc steeper, and (i - ongle of slope (Fer other combinations of length and gradient, interpolote

wetw 2en odjacent values or see fig 4 SU“"‘) .

SW-15



TABLE

Sw-U

TABLE #-- Estimated relative soil losses from successive

equal-length segments of a uniform slope’

Nun 1 of scegments

Sequence number

Fraction of soil loss

of segment 5 -05 m=04 wm=03
2 i 035 0.38 0.41
2 65 62 59
k] 1 19 22 24
2 35 35 35
k| 46 4 41
4 1 12 4 17
2 23 rl} 24
3 30 29 .28
4 35 33 3
5 1 os N 12
2 16 A7 18
3 21 21 21
4 25 24 23
5 28 7 .25
Derwved by the formula
m=+1 m--1
1 -G
Soil loss fracion — ——
m41
N
where | segmen' sequencé number, m =~ slope length exponent

105 for slopes > 5 percent, 04 for 4 percent slopes, and 03 for
3 percent or lessy, ond N = number of equol-length segments into

which the slope was divided

Soune i [tasdwties § Sutky | (03]
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TABLE 3Sw-5

Ao uabmet o LS~{OL{‘~) ‘umduﬂm Loper

Segment 1o 1,p0. 3 Teblr 4 K Progurs

1 e 09 027 0055
2 274 35 32 307
3 512 46 7 T4 ]

Kis . 1233

Seument  p, reent slope  Tople 3 Toble 4

Prodyct

t 5 107 019 0203
? 10 274 35 959
! 15 312 46 2358
L5 = 3 5)y

SW-16



2.2.5 Cover and Management Factor (C)

The factor C represents the ratio of soil loss from an area with
specified cover and management to that from an identical area in tilled
continuous fallow.

This factor represents the combined effect of all the interrelated
cover and management variables. Deriving the appropriate C values for
a given locality requires knowledge of how the erosive rainfall in that
locality is likely to be distributed through the 12 months of the year
and how mud erosion protects the growing plants, crop residues and
selected management practices will provide at the time when erosive
rains are most likely to occur.

For an optimal derivation of C values, the reader is referred to
the corresponding chapter of the original research. [Wischmeier and
Smith, 1978, p. 17.] The estimation of the C-factor is the most time
consuming effort when employing the USLE. C-values can be estimated for:
(1) Agricultural areas, (2) Construction areas, (3) Pasture, Range and
Idle Land, and (4) Woodland. Some information is presented below.

Agricultural Areas

Tables SW-6 through SW-11 provide details needed by a trained
agronomist to develop simple handbook tables of C values for conditions
in specific ¢limatic areas. The tables are self-explanatory and within
their broad limits of accuracy these tables can supply the research data
needed to complete the estimation of C. The procedure is not that
straightforward for site specific applications; however, it is well
explained in a "problem-procedure'" on page 29 of the original work.

Construction Areas

Applied mulches immediately restore protective cover on denuded
areas and drastically reduce C that has a maximum value C=1l. Soil loss
ratios for various percentages of cover are presented in table SW-12.

Pasture, Range, and Idle Land

Factor C values for a specific combination of cover conditions on

these types of land may be obtained from table SW-13.

SW-17
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m&i—kaho cf soil Inss from cropland to corresponding loss from continvous fallow

. Cover Soil loss ratw0' tor cropstage Cover Soil loss rutio tor crepstage
Lisee Caver Giop tequunte, Sveny period and conopy co.et’ Line Cover, L10p sequente, Soring ofiar period und -tnop s corer
Ny, and monagement! renidue- st - - — — - No and manogement® residue rams - m " PR — " "
L 4 30 i : J60 YU F& wi : H o g 2 383 9 76 N
ib Pet  Pct Pt Pt Pet Pt Per Pet Pot th Pct Pet Pt Pct Per Pet Pet Per Pet
COPN AFIER C, GS, G OR £O1 CORN AFTER WC OF RYEGRASS
IN MEADOWLESS SYSTFMS OR WHEAT SEEDED IN
F LN P2/ SR Y Y sme «n -~ C'usp"
) Rdl sprg TP 4 500 3 25 48 238 20 23 WC reaches stemming stage
2 3,400 J6 L] 52 4! 24 20 30 79 No till pl in killad WC 4,000 7 7 7 7 6 )
4 2.600 43 .1 L1 43 32 25 20 k14 80 3,009 " 1 [N} [} 14 /
4 2,000 5' 68 60 45 33 25 22 @ 1 2,000 15 15 14 la 1 9
5 Rdl, foll TP HP’ 44 65 S3 38 20 82 1.500 20 19 8 13 14 1}
(] GP 9 20 87 a4 24 20 Strip Kll one-fourth row spoce
7 14 57 74 61 43 32 25 20 83 Rows U,/D slope 4,000 13 12 [ 3] 11 ? "
2 tp 65 718 ¢ 45 32 26 2 84 3,000 16 17 16 13 1c
] RdJR, sprq TP HP 68 74 65 47 2 %% 85 2,000 23 22 20 2 15 12
10 GP &7 75 €5 a7 27 23 & 86 1,500 28 26 24 22 17 14
1 Fe 68 76 67 48 35 U o9 67 Rows on contour'’ 4,000 t0 10 10 0 8 'y
12 14 69 77 6B 49 35 74 88 3,000 15 15 15 15 12 °
13 RdR, foll TP WP % 82 70 49 22 8 2,000 20 20 1w 19 15 12
14 GP 77 83 7 50 27 27 90 1,500 25 24 23 22 17 14
15 P 78 88 72 31 35 27 (4] TP, cons seedbed 4,000 36 60 52 a 24 2 (")
to 04 79 8% 73 52 1S 92 3.000 4 64 S6 4 31 25 D
17 Whaelt-ack pl, Rdt, TP 4,500 n 22 2 8 2 °3 2,000 51 68 60 45 33 26 22
8 3,400 3 32 30 22 18 30 74 1 500 &1 73 64 47 7oz
12 2,600 43 236 32 29 23 19 37 WC succuinnt blodes only
2 2 000 51 43 36 N 24 20 47 95 No-tll pl n killed WC 3,000 n " 77 23 18 % ('
71 Deren off sr* dish ~r aspo 0 45 38 34 20 23 o6 2,000 15 15 20 25 20 W2
22 disk plow 3400 1 52 43 37 24 20 30 i 1.300 20 w 23 2 21 13
"3 2600 5 57 48 40 32 25 21 37 98 1.000 26 2 7 w7 2 W
24 2 000 ol 51 42 A 26 22 47 -4 Stnip il one-fourth row space 3,000 18 18 n 2 2 177 )
25 No !l planl n crop residuc® 6,000 95 2 2 2 2 1 100 2 000 L T S R L
78 6000 90 3 3 3 3 14 101 1,500 28 2 28 23 2 19
a7 4500 80 s 5 3 s 15 1G2 1,000 Rk} 3] 31 2 2 20
2. 3,400 70 2 8 8 8 6 19 CORN IN SOD-BASED SYSTEMS
N J 400 0 17 12 12 i2 4 8 23 No tifl pl i killed sod
20 3400 50 15 15 14 14 N ° 2 103 3 10 5 rons hay yid 1 1 1 ! ! !
N 2600 40 22 18 17 13 U 30 104 1 to 2 tons hay ylid 2 0z 2 T 2 2 2
7 2600 30 26 24 22 21 17 1a 3 Stesp till, 35 ton M
Chisel stallow disb, or 105 50 percent cover, nilled strips 2 2 2 2 2 4
fid cult as only *sflage 106 20 percent cover, tilled sinps 3 3 3 3 3 5
::‘1 On moderote slopes 6,000 zg “3’ : ; 7 :; Strp Bll, 1-2 ton M
3% 50 n om0 : 8 107 40 percent cover, nilled strips 4 4 4 4 4 4 6
30 © 5 13 n w0 19 108 20 petcent cover, nilied strips 5 5 5 5 -] 5 7
Q7 30 18 15 13 12 20 QOther tillage olter sod [0 T ) ML) Y A N AL B LU T L B AL
k1)) 20 2 20 18 16 21 CORN AFTER SOYBEANS
19 Do 4500 70 9 8 7 7 8 109  Sprg TP, conv nll HP 40 72 o0 4B 35 29
40 ed 12 10 9 8 18 110 GP 47 18 &5 5 3 25 ¥
" 50 4 13N o 190 m P 56 B3 70 54 =0 I 26 44
42 40 7 L 1] k) 10 2 112 Fall TP, conv il HP a7 75 o0 48 25
43 30 21 18 15 I3 21 n3 GP 53 B1 65 51 n 25
14 20 25 22 19 16 22 M4 FP - 62 86 70 34 40 3 26

9-MS NA VL



61 -MS

a7

61
42

)
&4
&5

.6
‘7

Lo 3,400

Dn 2,600
Do 2,000
On slopes .. 12 percent

L nes 33 59 t mez foctor of
Disk or harrow ofter spring
chisel or Ad cult
Lines 33 59 times factor of
On modecrote slopes
On stopes > 12 porcent
Ridge plarmt
Lines 33 59 times factor ef
Rows on coniour
Rows U+ D slope ~ 12 percent
Rows U/C slope .+ 12 percent
Tili plont
Lines 33 59 trmes foctor of
Rows on cortour'
Rews U 'D slope < 7 peresnt

Str:p 1l one faurth of row spocing
Rows on coniour'! 4,500
3,400
2.600
2,000
Rowvs U D s'ope 4,500
3 400
2,600
2,000
Yar-tll
Rows on cortour'! 3,400
3,400
2,600

0
50
40
-

20
16
50
40
36

10
40
kL]
20
10

'“60
50
40
30

~

13
16
1

1)
14

~

85
10

10
14
19

13
37

26

12

19

10
10

10
10

-
oW

17
20

17
20

14
19

10
10

]
14
16
12

16

3
1%

- -
oOoN

P
- N -]

10
19

115
ne
17
1A1:}
19
120
t2)
122

12
124
125

126

128

129
130
131
132
133
i
135
136
17
138
139
140

142
143
144
145

160

Fall & spig chise! o1 cult

No wll pl 1n ciup sesd

BEANS AFTER CORiv
Sprg TP, Rdl, conv hll

Fall TP, RdL, conv hll

Chitel or Ad cublt
BEANS AFTER BEANS

GRAIN AFTER C, G, GS, corv
In disked residues

D>

Do

In disked stubble, RdR
Winter G after foll TP, RdL

GRAIN AFTER SUMMER FALLOW
With grain residues

With row crop residues

POTATOES
Rows with slope
Confoured 1ows, ridged when
canopy cover 1s ahout
50 porcent®!

4,500
3,400

2,600

2,000

k)

45

45
52
59

o)
*}

43

43

10
id

58
67

25

—~a

64

1%
g
4
5i
?
22

32

34
)
36

-
<

29

7
27

2R
ta

2]

20
ril

21
22
[ Q]

)
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44
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tootnotes for iable;/

' Symbols B, saybeans, €. corn, conv tll plow, disk and horrow for seedbed, cot, cotton,

F rough iailow fid cub, field cultivatur, G ymall grain, GS groin sorghum, M, gros. end
logume mondow, at leust 1 full yeor, pl. plant, RdL, crep residues left on field, RIR cop
resdues temoved, SB seedhed period, sprg spring, TP plowed with moldboord, “WC,
winter caver erop, — insigmificont or on unhikely combination of varnobles

“Diy weight per ocre ofter winter loss ond reductions by grezing or portia! remavel
4,500 Ibs represents 100 to 125 bu corn, 3,400 lbs, 75 to 99 hu, 2,600 tbs, 60 to 74 bu,
ard 2000 lbs., 40 10 59 bu. with normal 30 percent winter loss For RdR or fall-olow
practices, these four productivity levels are indicated by HP, GP, FP ond LP, respechively
thinh gord foir ond low productivity) in Tines 79 to 102, tlus column indicotes dry
v ught of the winter-cover crop

Pircantagr o! scil :urface covered by plont rendve mulch ofter crop seeding The
dif 1rnce ketween spoing residue ond thot on the surface after crop serding s reilected
in the soil icss rot ot os residues mixed with the topsail

The soil loss ratios given oy percentoges, ossume thot the indicated crnp sequence
nnd prortices are tollowed consutently One yeor deviotrons from normal proctices do not
Fave the affect of o permoncnt chonge Linear in*erpolotion between lines 13 recommended
when ustified by field conditions

Crops*cge periods ore os defined on p 18 The three columns for crapitoge 3 ore for
RO 0. ond 8 to 100 percent conopy cover at maturity

Colum= 4L s for oll rendues left on field Corn stolks porhally standing os left by
some mechonical pickers tf slolks ore shredded ond spreod by picker, select rotio from
table 5C When residues ore reduced by grozing, toke rotio from lowes spring-residve
fne

Prniod 4 values in lines 9 to 12 ase for corn stubble (stover removed)

" Inversion plowed, no secandory filloge, For this proctice, residues must be left and
incorporoted

‘Soi! surface ond chopped rendues of matured preceding crop unditutbed except in
narrow slo's in which seeds are plonted

"Top of old row ridge sliced off, throwing residues ond some soil into furrow orecs
Reridging assumed to occur neor end ol cropstoge 1

" Where lower 10il loss rotios ore listed for rows on the contour, this reduchion is in
odditton to the standord field contouring credit The P volue for con'aunng 1s used with
these reduced loss rofios

** freld-average perzent cover, probobly about three-inurths of percent cover on un
dinturbed strips
' If ogoin seeded to WC crop wn corn stubble. evoluote winter pernind os o winter
aroin seeding (lines 132 to 148) Otherwise, see table 5C

'* Select the appropriate hne for the crop, tlioge. ond produchivity level ond multiply
the listed soil loss rohos by sod residuol foctors from toble 5D

'* Spring residue may intlude corryover from prior corn crop

" See toble 5C
' Use volues from lines 33 1o 62 with oppropriate doles and lengths of cropstoge
periods for beans in the locolity

" Volucs in lines 109 to 122 ore best avolable estimaras, bur plonung dotes and
lengths of cropstoges moy differ

" When meodow 13 seeded with the grom, its efiect will he reflected through higher
percentoges of cover in cropstoges 3 and 4

* Ratio depends on percent cover. See toble 5.C

"' See item 12, table 58.

(FAWWWD) 9-mg NG



TAB\E

W= "1

TABLE }/-Approx:male sol loss roties for (ofton

Eap:cted final « dnopy percent cover 65 80 95
Estuncled in.tia: percent cuver from aefol ahon -
stalhs dow: 30 45 60
Pre.nice
Nun-ber Tiliuge operatien,s Sen loss -~tho?
COITON AN‘:UAILLY Fercer:
1 Noue
Defo aticn 10 Zuc I 36 24 15
Jon 1 o lcu or Mar nlinge
€. Pd wnly 52 m 32
Pe 8 2C percent cover vol veg 32 2 20
Re & 30 percent cover ol vey 26 20 14
’ Ch. ¢t slew ocon ofter cot harvest
2t selinat 10 Dec 31 40 N 24
Ja- 1 ‘o sprg ulloge 56 a7 40
} Foll dr k orrer chisel
D1 xing 10 Dec 3} 53 45 37
Jo 110 sprg niloge 62 54 47
K} Chize! low ieb Mar, no prior tillcge
Cc Rd only 50 42 35
Rc & 20 percent vol veg ki4 33 28
Rd & 30 peicent vol vog 4 29 25
5 Eed { p ' leb Mar no priar tlloge
Cc Rd anly 100 B4 70
Re & 70 percent vol veg 78 86 36
Rd & 30 percent vol veg 48 58 30

Split ridges & plant ofter hip, or
Cist & plov cfter chisel ‘S8

Cec Rd only 81 54 47
Rc & 20 percent vol veg 53 47 4
Re & 30 percert vot veg 50 44 38
Crop tege |
Co  Kd onhy 57 50 43
tc & 20 percent vol veg 49 4 38
Re & 30 percent vol veg 46 41 36
Cror tage 2 45 k14 34
Cro; tage 3 40 27 7
H 8¢ecd th o, aftar 1 prior tlione
Cct Rd only 110 98 84
Rt & 20 percent veg 4 82 72
Re & 3( percent veg 90 78 68
Spit ridge: after hip "SB!
Ce Rd only &6 (1) 52
Rei 8 20 to 30 percent veg 1] 55 49
Cro; .toge )
Ce Rd cnly 60 S¢ 49
Re & 20 10 30 percent veg 56 51 46
Cro; .tage 2 47 44 38
Cro voge 3 42 ki 19
? hip of er 2 prior nlloges
Cv1 Ra only 116 106 141
Ro & 20 30 percent veg 108 [A 88
Sphr ridge, ofter hip !SB 67 62 57
8 H.p olur 3 or mare filloges 120 1ne 102
Splr redge. atfier hip (SB* 68 6" 59
? Conver honal moldboord plow und disk
tollrw pernod 42 3y 3¢
Seensed oarod 68 6 59
Cro| »tage 1 63 57 55
troy stoge 2 «° 46 41
Croy, stoge 3 44 M 2.

Cro,st09¢ 4 \See praocttices 1 2 and 3

CCITON AFTEr SOD CRQOP

For the first o1 second crop o-ter o grosy or qross o leaw me
ruadow has tosen turrplowed muluply solues given in the [0 iy
Iin s ekove by sed residunt facrors érory table 5 D

CCITON AFTEE SOYBEANS
Select volu » fron ohave and mo'tipty b, 128

Source :[ -J

Toot uwote,

! A'ternofe procedure for esnmoting the soil loss rotios

The retios given chove for cotton ore boswrd on estirates for ro
ductide s 1n percent cover through normoi winier loss and by the succes-
sive tliage operanon: Research 11 underwoy in Mississrpp: to obtoin
more actura‘e tesirdue dola 1n relation to hillage practices This reseoren
should provirde more occurate sorl loss ranios §ns corton within o fow
years

Whare the rerluctions in percent cover by winter less und tillage
~perations ae smoll, *he following ororedure may be used o compute
s21l loss ranos for the preplont and scedbed periods Enter figure 6 with
the percentage of the field surfoce covered oy residue mulich, move
vertically 10 the upper turve ond reod the mulch toctor on the sco'e
ar the left fiultply *lus foctor by a factor selected from the following
tabul nen e er ut for effects of land use residual, surfoce roughnese
and poros ty

Productay v, No Rovgh Smaotheo
level tilloge surfoce surfoce
Hin% 0 b6 0 50 058
Mytiun, n 54 [}
foo 75 59 65
vours tor bhoidiee ol o slanes of leas ) n Y Lageee e g
N et vt teae te valuc competed ako e for rsign surdon -

Pl ocren residun ve wee vagnteer segotancn

sw-21
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THBLE 56.—Soul loss ratios for conditions not evaluated
in table 5

CCTTON

je¢ table 5-A
{ROPSTAGE 4 FOI ROWCROPS

Stalks oroken and sartiolly stonding: Use col 4L

“tatks wtonding oft. r hand picking Col 4L mes 115

Stolks .hredded wt nout soil titloge See toble 5C

tall chisel Sele:t » slues from hines 33.62, seedbed column
ZROPSTAGE 4 FOR 5:\AlLL GRAIN-

Sed tolle 5.C
CCOUBLE CROPPING

Derive annuol C v ive by selecting from table S the soil foss per

ce~tager for It 1 successive cropstag: periods of eoch crop

ESTABLISHED MEADO'V, FULL-YEAR PERCENTAGES-

Grass cnd legume nix, 3 10 &t hay 04

Do. 2 10 3 ¢ hay 4

Do 1 ¢t hoy 10
Sericeo, after sccond year 1.0
Red clover 135
Alfalfa lespedeza, and sicond-yeor sericeo 2.0
Sweetctover 2.3

MEADOW SEEDING VITHOUT NURSE CROP-
Determine appropricte lengths of cropstoge periods SB, 1, ond 2 end
opply valves g ven for small groin seeding
PEANUTS
Componison with s« ybeans 15 suggested
PINEAPPLES.
Direct dota not aveunloble Temtative volues derived onolyhically or
available frem the SCS in Howoii or the Western Technical Ser
vica Center ¢t Portlond, Oreg (Reference S)

SORGHUM
Seloct valves giver for corn, on the bouis of cxpected crop residues
and conopy turer .
SUGARBEI TS-

Direct clota not av ilcble Probobly most neorly comporable te pe
tatoes, without the ridging credi,
SUSARCANE.
“entanive valuer o' ailably from sources given for pineapples
SUMMER FALLOW I LOW-RAINFALL AREAS, USE GRAIN OR ROW
CROF RESIDUES
The opproximate sul loss percentoge ofter each successive tillagn
operation moy oe obtained from the following tobulotion by ests
maung the per.ent surface cover afizr thar nlloge ond selecting
the column fo the appropriote amount of nmal residue The
given values ¢ dv bonefits of the residue mulch, residuc: mired
with 30ii by nl aga, and the crop system residual

Percen cover initol res.due 1lbs 7A)
by nvkh <4000 3,000 2,000 1,500

o 4 - - —
8¢ 8 8

'c 12 13 M4

60 16 17 a8 e
5 20 22 24 125
i« 25 27 30 32
a 29 33 37 »
20 35 39 4 46
1 4 35 ] 58

For «ra1v resigue only

+/UNTER COVER SEEC NG IN ROW CROP STUBBLE OF RESIDUES
define cropstage 2« siods scsed on the cover seeding date end onply
velues from h es 120 10 148
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TABLEXf—-—So:! loss rotios (percent) for cropstage 4
when stulls o1 chopped and distributed withou! soil

tillage
Corn or Serghum Soybeans
Mulch Tilled Tilled No tidl in Grain
tover! seedbed No uli scedbed-  corn rd? Stubble’
20 48 A 60 42 48
30 37 26 4% RN 3?7
40 30 ril 38 26 30
50 22 135 28 ] 22
60 17 12 2 16 17
70 12 g 15 10 12
80 ? 5 9 é 7
90 4 K} - 4
95 3 2 — -- 3

' Part of & field surface directly covered by pieces of residue mulch
This column applies for all systems other thon no nl)
Cover oftcs bean horvest may include on apprecioble number of
staltks carried over fram the prior corn crop
' For grain with d ding, includ dow growth in percent
cover and himit gromn penod 4 to 2 mo. Thereafter, ciassify as estab-
hshed meadow

Sowwe + T 1
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Table Sw-to

TABLE 5 D - Facdlors to credit residual efiects of turned
sod!
Factor for cropstage penod

f SBondl 2 3 4

Ciop MHay yield

First yeor after mead
Row crop or grom 35 025 040 045 050 O&0
23 30 45 .50 55 a3
1.2 kL 50 53 60 70
Second year after mead
Row c¢rop 35 70 80 .85 90 95
2] 75 83 90 [ 1] 10
1.2 BO 20 93 10 10

Spring protn ls 75 80 85 95
23 80 85 90 10
1.2 83 90 [ ] 10
Winter gromn ) 60 70 8BS (L1
2.3 [} 73 90 10
1.2 - 70 85 95 1.0

! These factors are to be multipiied by the opprepriate soil less per-
centoges selected from table 5 They are directly applicable for sod
forming mcodows of ar least 1 full year duration, plowed net more
thon 1 month before final seedbed preparation

When sod 13 foll plowed for spring plonting the listed valuves for alt
cropstage penods are increased by odding 002 for ench odditionol
month by which the plowing precedes spring seedbed preparation For
example, September plowing would precede Moy disking by B months
and 0028 1], or 0 14, would be odded 10 each value in the table For
nonsod forming meadows, ibe sweetclover or lespedezo, mulnply the
fuctors by 12 When tlie computed value 1s greatee thon 10, use as 10
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TABLE Sw-ll

TABLE 6 - ~Percen oge of the average cnnual El whict normally occurs beiweren January 1 and the indicated dotes.'
Computed for the geographic icos st own in figure @ \oelmd

Area Jer Feb. Mar Ap Moy tune July Avy Sept Ort No» Dec.

No 1 Tas 1 s e T s 1 s RE RY 1 15 V15 1 s L
1 .0« 0 D ¢ 0 P2 2 6 Yy 23 35 4% 63 77 90 95 98 99 100 100 100 100
z 0 ( s 0 1 2 3 6 10 \7 29 43 5o 47 77 B85 91 96 98 99 100 100 '0C
3 [ 0 ¢ [ | PR 6 13 23 37 51 ¢ [ e] gs o3 94 96 98 9% 99 100
4 0o i 2 3 4 7 12 18 27 38 <B £ e2 ¢ 7. 83 ¢C 94 97 98 99 100
H c 2 3 4 & 8 13 21 2¢ 37 a6 54 &0 &5 69 74 81 87 92 95 %7 o8 o
‘ 0« 0 0 || v o2 6 16 29 2% a¢ 51 80 67 74 81 e 93 99 99 100 100
3 0 12 3 6 & 13 25 40 45 56 ¢2 67 72 7¢ BC 85 91 97 98 97 99
H 0 35 712 14 20 28 37 48 "8 & b4 68 72 77 81 84 89 92 95 98 9%
s 0 4 6 L 723 30 37 43 49 54 58 62 66 70 74 78 82 86 90 94 97
V¢ o] 2 4 6 B 10 5 21 29 38 47 53 57 61 65 70 75 83 88 91 94 96 98
N 0 3 s 7 ¢ 1Y 14 18 27 35 4 46 51 57 62 68 73 79 84 8¢ 93 96 9B
17 R G 0 0 1 2 3 5 9 15 27 28 50 62 74 84 91 95 97 96 99 29 100
12 0 0 12 3 5 712 19 33 48 57 45 7a 82 88 93 96 98 99 100 100
Ta oo« 01 2 3 4 6 9 14 20 28 39 52 63 72 80 87 o1 94 97 98 99 100
5 L 0 « 1 2 3 a4 6 8 115 22 31 40 49 59 49 78 85 91 94 96 98 99 100
Yo 0 2 13 4 6 8 10 14 18 25 34 45 56 64 72 79 84 89 92 95 97 °8 99
[ .0 2 3 4 5 6 8 11 15 20 28 41 54 65 74 82 87 92 Y4 96 97 98 99
18 .0 2 4 6 Hd 013 19 26 34 42 50 58 63 68 74 79 84 B8Y 93 95 97 99
19 0 3 6 912 16 21 26 31 37 43 50 57 &4 71 77 83 85 88 91 93 95 97
20 0 3 5 710 13 16 19 23 27 J4 44 54 63 72 B0 85 89 91 P31 o5 96 98
2 0 6 10 176 19 23 26 2% 33 3¢9 47 58 43 75 80 83 86 88 90 92 °5 97
22 o . 6 9 13 17 21 27 33 38 44 49 55 61 67 71 75 78 81 84 86 90 94 97
23 Q2 5 7 10 14 18 23 27 2 35 39 4% 53 60 &7 74 80 84 86 88 90 93 95
e 3 6 ¢ 12 Ve 20 24 28 33 38 43 50 59 69 75 8C 84 g7 90 §2 94 96 ¢
25 0 3 5 7 10 13 17 21 24 27 33 a0 44 53 6! 6% 78 ~9 92 94 95 ?7 9B
24 o 4 6 g 12 6 20 25 20 35 41 47 56 67 75 8l E5 87 89 ?1 93 95 97
7 0 2 3 5 7 10 14 1% 22 27 32 37 46 58 6% 80 89 Y3 94 5 96 97 9%
23 3 3 5 7 9 12 15 18 21 25 29 36 45 56 ¢8 77 83 88 91 93 95 $7 99
o3 0 2 3 4 5 7 9 1 14 17 22 I3 42 54 &5 74 53 89 92 95 97 98 99
30 0 2 3 4 5 6 8 10 14 1€ 26 34 45 54 66 76 82 86 9C g2 95 97 97
31 . o o 2 3 5 712 17 24 33 42 55 ¢7 76 83 89 92 94 96 98 99
3 2 1 2 3 4 5 6 B 10 13 17 2% 31 42 52 60 68 75 80 85 89 92 96 98
31 0 2 4 [ 113 15 18 2' 2% 32 38 46 5% 64 71 77 8\ 55 89 93 97

For ates not deved n the rable, neerpolate between adjore at vilos .

SOU\LQ: [J
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TABE  Sw- 12

TABLE ¢ -—Mulch factors and length limis for
construction slopes'

Tyoe cf Mulch tend Foctor Length
mulch Rate Slope [ himu?
Tons per ocre Percont Feo!
None 0 ol 1.0 -—
Straw or hay to 15 020 200
ned down by 10 6-10 20 100
anchormg and
‘acking 1.5 1.5 12 300
cyuipment 15 8.10 12 150
Do 20 15 06 400
20 610 08 200
20 115 07 150
20 1620 B 100
20 2125 14 75
20 26133 V7 50
20 34 50 20 K} ]
Crushed stene 135 “<16 05 200
AP R BT 135 16 20 05 150
135 2133 05 100
135 34 50 0s 75
Do 240 <2 02 300
240 2133 02 200
240 34 50 02 150
Wood chupe 7 “16 0B 75
7 1620 08 50
Do 12 16 05 150
12 16 20 05 100
12 2133 05 75
De 25 16 02 200
25 1620 02 150
25 213 02 100
25 34 50 02 725

From Meyer and Forte (24) Deve'sped hy an ntricgency work-
hy arery oy the Loss of field caper entn and limited reseorch
dova

rovemam Wb dength tor which the specfied molch rate s
cons dnred ¢ fective When ths hieut s exceeded enner o mgher
oppheation et Wi machanicel shorzeming of the efiective slope
lungth s reavicd

Wina b wras or huy mulch 15 no* onthered to the sef €
sul ¢ on moc rate w stenp ddopes of corhs ho ing K volues greater
thar 030 shoshy be taben ot double the values given in this toble
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Soure :

TA3BLE 10 -—foctor C for permonent posture, range, and

idle lond’
Vogetative ¢anopy Cover thot contocts the soil surface
Type und Percent Percent ground cover
hesght” cover Typer O 20 40 60 B0 954
Na appreciable G 045 020 0.10 0042 0013 0003
canopy w 45 24 15 091 .043 O
Tall weeds or 25 G 36 17 09 038 .013 003
shart hrush w 36 20 13 083 041 01}
with overoge
deop foll height 50 G 26 13 07 035 012 003
of 20 in w 26 16 11 076 039 O
75 G 17 10 06 032 01 003
w 17 12 09 068 038 oW
Apprecioble brush 25 G 40 18 09 040 03 003
or busthcs with w 40 22 4 087 042 01}
avirage diop lall
height of 6'2 {1 50 G 34 16 086 .038 .012 003
w 34 19 13 082 .041 OW
75 G 286 14 08 036 012 003
w 28 17 12 078 040 011
Trees, hut no 25 G 42 19 10 041 013 003
appreciable low w 42 23 14 089 042 OV)
brush Avrrage
drap fall ncight 50 G 39 18 09 040 013 003
of 13 ft w 39 21 14 087 042 ON
75 G 36 17 0% 0319 012 003
A 36 20 13 084 041 O

'The listed € volucs assume they the vegetation and mulch ore

randamly distabuted over the entire areo
Conopy hewght 15 meosured o3 the overage full height of

water

drop. falling from the tonopy to the ground Conopy efiect 15 n-

verselv pr-portional to drop {oll height ond s neghgible of fall

hoight exceerds A3 B

Portien of tolal arco surface thot would be nidden from view by

ennapy o a sorhical projeciion (o bird’s eye view)

G o vr ar surloce 13 gross grasshke plonts decaying com

prated ddaht or Iner at host 2 n deep

W ce.or ot serface 1w mostly broodleof herhaseous plonts los

weods woer W loteral root retwork near the surfoce! o

und «¢ayc d residues er hoth
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Woodland Areas

Three categories of woodland can be can be considered separately:
(1) undisturbed forest land; (2) woodland that is grazed, burned, or
selectively harvested; and (3) forest lands that have site specific
preparation treatments for re-establishment after harvest.

Factor C values for undisturbed forest land may be obtained from
table SW-14. Factor C-values for mechanically prepared woodland sites

can be obtained from table SW-15.

sw-28

Arthur D Luttle Inc



Table Sw-1u
—-——‘———_——_—-k-

TABLE )4/—- Fuctor € for undistutbed forest land'

Per.ent of are Percen of areo
covered by caropy of tovered by cuft fo-or C
frees ond unde-gra ~th ot lecos® 2 in deeg
100-75 100-90 0001 001
70-45 85.75 002 004
40-20 70-40 003 009

' Waere cflectice hitter cover 1s lcss than 40 percent or (anopy
cover u less than 20 percent, use takie 6 Also use toble 6 wuere
woadlunds are biing grozed, harvested, or burned

“he ranges in lsted € velues ore toused by the tonges in the
specifiad farest | 'er and conopy covers and by variotions in cfiec
ftive canopy heigh»
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TAauz//

‘—Fa tor € for mechonically prepared

woodland sites

Site

Soil condition end weed cova:'

Mulch

preuration cove’ Excollgnt Good Foir Poos
NC WC NC wC NC wC NC wC
Periant
Dusled, raled,
or beaded' None )52 020 072 027 085032 €94 026

10 3 15 46 20 54 24 60 26
20 24 12 34 17 40 20 48 7
40 7 N 23 14 227 30 15
60 11 08 15 N 18 14 20 1§
80 S 04 07 06 .09 08 10 09

Bur-.ed None 25 10 26 W0 n n 45 V7
10 23 10 24 10 26 N 3¢ 16
20 9 10 19 0 21 1 27 14
40 14 09 14 0% 15 09 17 N
40 D8 06 09 07 10 08 1 08
80 04 04 05 04 05 04 06 05

Diuin chopped MNone 13 07 7 07 20 .08 2¢ 1N
10 15 07 16 07 17 08 23 1
20 12 06 12 0¢ 14 07 18 @°
40 0? 06 .09 08 10 06 N o7
60 0 05 06 05 07 05 07 OC&
8C 03 03 03 ® 03 03 04 01

' Percentage of surfoce covered by residve in contoct with the
soil
* Excellent s0il condinon—Highly stable soil aggregotes i top-
sail with fine tree roots ond hitter muixed in
Good—mpoderotcly table soil oggregates in topsol or highly
stoble oggregates in subsoill (topsoil removed during reking), only
fraces of Ime mined in
Fair—Highly unstoble soil oggregates in topsoil or moderately
stable oggregoftes in subsoil, no litter mined in
Poar——Mo topsoil, highly erodible soil aggregotes in subsoil, no
Itter mixed in
' NC—Np live vegetation
WC—75 percent cover of gross and weeds hoving an average
drop fall height of 20 in For intermediote percent
oges of cover, interpolote between columns
‘ Modify the listed € volues as follows to account for effects of
surface rough.iess ond aging
First year ofter weoarment  mulhply listed € volues by 040 for
rough surface (depressions =6 ), bv 065 for moderately
rough ond by D90 for smooth (depresnons <2 on'
For 1 1o 4 years afier treatment molnply hsted foctors by Q7
For 4 i 1c B ycors use toble 8
More thon 8 yeors use tabie 7
For fist 3 yeors use € volues oy lisend
For 3-; 1o B years ofter treotment use toble 6
More then 8 years otter treotment use toble 7
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2.2.6 Support Practice Factor (P)

The P factor is the ratio of soil loss within a support practice
like contouring, stripcropping, or terracing to that with straight-row
farming up and down the slope.

The P factor is related to the C factor and to practices that can
slow the runoff water. The most important of these supporting cropland
practices are contour tillage, stripcropping on the contour and terrace
systems.

Current recommendation for contouring are presented in table SW-16.
Effects of contour stripcropping are shown in table SW-17. Terracing

effects are presented in table SW-18.
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Table Sw- 16

TABLE AT ]
/( P volues ond slope-lengfh heits 1y

—_—— confc Lring
lo=a slopa
b rcent P volue -

Max<imyer lengvh

— ———
-— “\

[ p, '

) ,: ; 060 ::')

o 50 200
50

"” o 12 60 s

'3 10 16 70 Py

17 19 20 8¢ 6
2t o 25 o0

&

timt may » initeased by 25 S

secdhngs will , gularly ¢

Aolle
Sw~117

TABLE J4< P values maximum sinp widths, ond slope-
lenglh limits for contour stripcropping
I
Lind slope — P rulues Strip width- Marimum length
pureent A 8
Feet Fee!
110 2 030 045 G0 130 800
Jto § 25 a8 50 100 600
6to B 25 3 50 100 400
? 10 12 30 45 60 80 240
13 10 146 kL] 52 70 g0 160
17 to 20 0 60 80 60 120
21 10 25 45 68 90 50 100
P volues

A For 4vior rotation of row crop small groin with meodow
seeding ond 2 yean of meadow A second row crap con re
place *he smaoll gram if meadow s established n o

B for 4yiar 1otaton of 2 yeors row crop winter Jruin with
nv adow s ding and 1 vegr miadow

L Tor oliernuie sirpe of row cron and small gron

to accommodote

Adjust sinp widith bma  gencrolly downwaord

widths of form couipment

pereent if residue cov
x¢ceed 50 perceny

e ol o ocrap

“Talle

TABLE }5’—--!‘ values for contour-farmed terraced fields!

Comouting sediment yield?

Su-I18

l::,:.l,:‘;e form planning Groded chonnels Steep bockslope
Cantoyr  Stripcrop sod outlers vnderground
factor tactor outiots

1102 040 030 012 005
Jws 50 25 10 05
9 10 12 60 30 12 05

13 10 16 70 35 14 05

17 10 20 €0 40 16 06

21 10 25 90 45 18 06

Slope lencth 13 the horizontal terrace intervol The listed valuea
cte for contour lorning No addimnol contouring facror 15 wsed 1n
the tomputction

Use these volues for control of interierroce erosion within specs
ficd soif los. 10} ronces

These solues nelude entropmont effiaenc, ond ore used for
control of L &.ne sedimert within himits and for estimating the field s

con‘tinylion 1o wotershed sediment yseld M
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2.2.7 Sediment Delivery Factor (D)

The D factor is the ratio of the watershed sediment yield (SY)
versus the upland erosion potential (A); D - SY/A.

Many factors and processes contribute to its estimation, such as
redeposition of the particulates in the surface water runoff, storage,
trapping of the sediment by vegetation and its residues, local scouring
and redeposition in rills and channels, and possibly other yet uniden-
tified. [Novotny, V., 1980.]

For D, the following formula has been proposed in the literature
[Williams, 1975]:

1
-bt(dsg) /2
D =e¢e (SW—7)

where:

sediment delivery factor

decay constant (or routine coefficient)

travel time between two sections of a channel

t

d50 = mean particle diameter of sediment.

A graphical presentation of sediment delivery ratio as a function
of the watershed size is shown in figure SW-5 [Roehl, 1972]. The
statistical relationships relying on the morphological characteristics
of the watershed have limited applicability for estimating long term
(annual or more) deliveries. Furthermore, their reliability for "event"
deliveries is almost nil as demonstrated by Berkowitz. [Berkowitz,
1979.] Another relation of D to the storm characteristics (EI) and the
runoff volume (V) is shown in figure SW-6 [Berkowitz, 1979]. An inter-

esting discussion regarding D is presented by Novotny. [Novotny, 1980.]
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2.3 Subroutine SEDIMA
2.3.1 General

Subroutine SEDIMA (Sediment Annual) estimates the annual sediment
washload of the soil compartment due to rain, based upon the USLE-theory
previously outlined. It is "important" to keep in mind that all the
sediment of the compartment will reach an adjacent receiver that has to
be at a distance not exceeding 330 meters (1000 ft), as mandate by the
assumption of the USLE. If the receiver happens to be at a greater
distance, then it might be assumed that only the 330 m area will contri-
bute sediment.

2.3.2 Input/Output Parameters

Input parameters and their associated units (metric system) for

subroutine SEDIMA are:

Rm [ em/hr] = R x 10_2; figure SW-1 for R index

Km [t/ha/EI unit] 1.292 K; figure SW-3 for K

(LS)m = LS ; figure SW-4 for LS

Cn =C ; see section 2.2.5 for C
Pp =P ; see section 2.2.6 for P
D, =D ; see section 2.2.7 for D.

Output from SEDIMA is:
SYA [tons/ha]

2.3.3 Parameter Units

Metric equivalents were not included in the general procedures and
tables presented in the original USLE documentation [Wischmeier and
Smith, 1978]. Metric untis can then be selected so that each factor
will have a counterpart whose values will be expressed in numbers that
are easy to handle and to combine in computatiomns.

It is recommended, however, by the USLE designers rather to
converting into metric individual empirically derived parameters

(especially R), to converting into metric the USLE as a whole. The
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overall converting formula (1 t/ha = 2.242 tons per acre) for the

metric (m) system is:

SYA, = 0.446 SYA (SW-8)
Ap = t/ha/yr = 0.1 kg/m?/yr
A = tons/acre as estimated by the USLE.
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2.4 Numerical Example

Annual soil loss from a particular field area is estimated by
LEVELO and LEVEL1 SESOIL operations by inputing the values of
R, K, LS, C, P and D. These variables describe both the average
climate of the area and the agricultural or field conditions, and can
be obtained from the tables of the previous sections, as demonstrated
by the following numerical example [see alsoc Wischmeier and Smith, p.40].
Assume, for example, a field on Russell silt loam soil in the Topeka
area, Kansas. The dominant slope is assumed 8% with a length of 200 ft.
Fertility and crop management on this field are such that crop yields
are rarely less than 85 bu corn, 40 bu wheat, or 4 t alfalfa-brome hay.
The probability of meadow failure is slight.
The USLE equation factors are obtained as follows:
(1) Factor R is taken from the isoerodent map of figure SW-1.
Topeka, Kansas, in north-east Kansas, lies between iso-
erodents 200 and 250. By linear (graphical) interpolation
R = 205.
(2) Factor K can be obtained: (a) from a table (Sw-1, SW-2)
of K values derived either by direct research measure-
ments, or (b) by use of the soil erodibility nomograph
(figure SW-3). For the Russell silt loom soil, K=0.37 (figure SW-3).
(3) Factor LS is obtained from figure SW-4, the slope-effect
chart, where an 8% slope along a 200 ft distance gives
LS = 1.41.
If the field was continuously in clean tilled fallow and the delivery
factor was assumed D = 1, the average annual soil loss from the dominant

slope would equal (equation SW-8):
SYA = 0.446 (205)(0.37)(1.41) = 47.69 t/hal/yr

However, for the present agricultural area we need to account for the
effects of the cropping and management system and support practices
existing in the field, this effect being represented by factors C, P

and D as follows:
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(4) Factor C for the field may be: (a) either derived by
the procedures described in the original USLE theory
[Wischmeier and Smith, p. 28] using data of tables 5
and 6; or (b) obtained from centrally prepared C value
tables available from the SCS (Soil Classification
System). Let us assume for the present example that
C = 0.085 [Wischmeiexr and Smith, p. 40].
(5) Factor P = 1.0, because rows and tillage are in the
direction of the land slope. However, if farming were
on the contour, the average P value would have been
P = 0.5 (see section 2.2.6).
(6) Finally the sediment delivery factor can be assumed
D = 80% (see section 2.2.7) without having any particular
justification for its value in this illustrative example.
Thus, total annual sediment yield of the field is estimated to
(equation SW-8) %

SYA = 0.446 (205)(0.37)(1.41)(0.085)(1.0)(0.80) = 3.24 t/ha/yr

The USLE may also be used to compute the average soil loss for each

crop in the rotation or for a particular cropstage period, during annual
simulations. For such additional information regarding C, and P values,
the reader is referred to the original work. [Wischmeier and Smith,

p. 4l1.]
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2.5 Discussion

The USLE is designed to predict longtime-average soil losses for
specified conditions. Best predictions are "averaged-annual" losses
from small watersheds, because the USLE factors are more difficult to
evaluate for large mixed watersheds. Under 'small" watersheds it is
meant watersheds with adjacent receivers at a distance not exceeding
330 m (1000 ft), as shown in figure SW-7. For larger watershed simula-
tions it can be assumed that only one portion of the watershed delivers
sediment to the receiver, because upland erosion will be deposited
within the watershed, thus, not contributing to the sediment yield of
the basin. For large watersheds, factor D (delivery factor) becomes of
paramount importance, and USLE predictions should be calibrated or
validated with field data.

The USLE does not consider the basic processes of soil detachment,
transport and deposition separately and does not account for various basin
forms as schematically shown in figure SW-7. Therefore, above equation is
employed only for LEVELO and LEVEL1l (annual simulation) of SESOIL. For
more site specific, accurate and monthly sediment simulations, the user
has to employ LEVEL2 of SESOIL, whose sediment routine is described in

the following section.
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3.0 '"'MONTHLY" WASHLOAD SIMULATIONS

3.1 OBJECTIVE

The objective of this section is to select and document the most appro-
priate sediment transport routine to meet the following criteria; the
routine should: (1) represent the state-of-the-art, (2) be physically
based and not require calibration, (3) be driven by a limited number of
input parameters, (4) simulate sediment detachment, transport and
deposition, (5) account for various basin shapes, (6) be applicable

to an entire watershed and to discrete portions of the watershed as
well, and (7) account for both long~term (monthly) and short-term (peaks
within a month) simulatioms. )

3.2 BACKGROUND/ACKNOWLEDGMENTS

Numerous factors and processes have been reported in the literature as
providing statistically significant correlations to the attenuation of
sediment and particulate pollutants from nonpoint sources. These factors
include: (1) the effect of rainfall energy, that detaches the soil
particles from small rills and keeps them in movement as long as the
overland flow persists, (3) the effect of vegetation, that slows down
the flow and filters out the particles during shallow flow conditionms,
(4) infiltration, which filters out the particles from the overland flow,
(5) small depressions and surface roughnesses in which particles can
settle due to reduction of velocity, and (6) change of slope of the
overland flow. ([Novotny, V.; 1980.]

The number of available sediment transport formulas in the literature

is extremely large. Some of these formulas have not received extensive
application, others are too complicated or require knowledge of the
concentration of the suspended load and, therefore, have not been suit-
able for hydrologic simulations. A comprehensive analysis and evaluation
of sediment transport theories have been conducted by Alonso [Alonso, C.V.;
1980] with reference to flume and silt data (Table SW-19).

Theories examined range from simplified formulas to sophisticated
modeling packages accounting for the micromechanics of sediment movement.
Following the testing of the formulas presented in Table SW-19,

Foster, G.R. et al [1980] developed a model to estimate sediment yield
from field~size areas. The model summarizes the state-of-the-art in
erosion and sediment yield modeling with appropriate simplifications
required to couple the governing equations.

SESOIL employs the sediment yield model as developed by Foster et al,
however, adapted to the statistical needs of SESOIL for monthly yield
and maximum yield of individual rainstorms within a month. Interested
readers are advised to the original work of Foster. [Foster, G.R. et al;
1980, Knisel, W.G.; 1980], since the following sections have been mainly

July 1981
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TABLE SW-19. SUMMARY OF AVAILABLE SEDIMENT TRANSPORT FORMULAS

Predicted

Type load Author (<) and reference Date
feterministic-~~--- Fed DuBoys, (13) 1879
Deterministic------ Bed Schokiitsn, (26) 1934
Deterministice==--- 8ed Meyer-Peter, (22) 1934
Deterministic------ Bed Straub, (29) 1935

’ Watei ways Experiment
Determinist ic------ Bed Station, (3i) 1935
Deterministic------ Bed Shields, (8) 1936
Deterministic------ bed Schoklitsh, (27) 1943
Oeterministic------ Bed halinske, (19) 1947
Erpiricel--ceee---- Tatal inglis, (18) 1947
Deterministic------ Bed Meyer-Peter ana Muller, (23) 1948
Stochastic--==-==~-- Bed Einstein, (13) 1950
Stochastic----==--- Total Einstein, (13) 1950
Stochastic--====--- Bed Einstein and Brown, (7) 1950
Stochastic------=--- Total Colby and Hembree, (10) 1955
Deterministic------ Bed Bagnold, (2) 1956
Deterministic-=----- Total Egiazaroff, (12) 1957
Deterministic------ Total Bogardi, (6) 1958
Deterministic------ Total Laursen, (21) 1958
Deterministic------ Bed Rottner, (25) 1959
Deterministic------ Bed Yalin, (37) 1963
Empirical--=--eee-- Total Blench, (5) 1964
Stochestic---==eu-- Total Colby, (9) 1964
Bishop, Simons and
Stochastic-~-=~-=-- Total Richardson, (4) 1965
Deterministic------ Total Bagnold, (3) 1966
Stochastic=-==~=--- Total Wilson, (36) 1966
Chang, Simons and

Deterministic------ Total Richarason, (8) 1967
Deterministic------ Total [ngelund and Hansen, (14) 1967
Deterministic------ Tot al Graf, (15) 1968
DeterminisiiC------ Total Toffaleti, (305) 1968
Deterministic-=----- Total ickers and White, (1) 1973
Deterministic------ Total Yang, {39) 1973

Source: [Alonso, C.V.; 1980]
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"abstracted" from his work. The author of this section gratefully acknowl-
edges the assistance received by Professor Foster (Agricultural Engineer-
ing Department, Purdue University, West Lafayette, Indiana 47907) while
working out the adaptation for SESOIL of his sediment yield theory.

3.3 OVERVIEW OF THE MONTHLY WASHLOAD MODEL

Erosion of soil particulates and their transport can be broken down into
four processes [Foster and Meyer; 1972]: (1) detachment by rainfall,
(2) detachment by overland flow, (3) transport by rainfall. and (4)
transport by overland flow. On a given field, either detachment or
sediment transport capacity may limit sediment yield depending on
topography, soil characteristics, cover, and rainfall/runoff rate and
amounts.

Control of sediment yield by detachment or transport can change from
season to season, from storm to storm, and even within a storm. The
relationship for detachment is different from the one for transport

so that they cannot be lumped together into a single equation.
Furthermore, the interrelation between detachment and transport is non-
linear and interactive for each storm, or each storm category, which
prevents using separate equations to linearly accumulate the amount of
detached sediment transport capacity over several storms. Therefore,
to simulate erosion and sediment yield and to satisfy the need for a
continuous simulation model, a rather fundamental approach was selected
by Foster et al [1980] where separate equations are used for soil detach-
ment and sediment transport.

Every model is a representation and a simplification of a real environ-
mental situation. Various techniques, including plains and channels,
square grids, converging sections, and stream cubes have been used to
represent subsections of an area. [Foster et al; 1980.] Most erosion/
sediment yield models have adequate degrees of freedom to fit observed
data. Some models, depending on their representation scheme, distort
parameter values more than others do. Distortion of parameter values
greatly reduces the transfer ability of parameter values from one area

to another. An objective, therefore, in Foster's model, was the develop-
ment of a theory representing the field in a way minimizing parameter
distortion. In addition, a minimum number of input parameters have to
be compiled by the user, the simulation being performed with the aid of
theoretically derived equations rather than the employment of massive
input data sets and calibration coefficients to account for the processes

previously described.

Regarding the possible shape of elements and the calling sequence used
to represent field-size areas, Foster et al distinguish between overland
flow, channel flow, and impoundment (pond) elements as shown in Figure SW-8.

The model user selects the best combination of elements and enters the
appropriate sequence number according to Table SW-20. Computation
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starts in the uppermost element, which is always an overland flow
element and proceeds downslope. Sediment concentration (for each
particle type) is the output from each element which becomes the

input to the next element in the sequence.
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Source: [Foster, G.R. et al; 1980]

FIGURE SW-8. SCHEMATIC REPRESENTATION OF TYPICAL FIELD SYSTEMS

IN THE FIELD-SCALE EROSION/SEDIMENT YIELD MODEL
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TABLE SW-20. POSSIBLE ELEMENTS AND THEIR CALLING SEQUENCE
USED TO REPRESENT FIELD-SIZED AREA

Sequence number Elements and their sequence

Overland

Overland—-Pond
Overland-Channel
Overland-Channel-Channel
Overland-Channel-Pond
Overland-Channel-Channel-Pond

BN S~ wWwNe

Source: [Foster, G.R. et al; 1980]
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3.4 MODEL MATHEMATICS

3.4.1 Basic Concepts and Equations

Sediment load is a function of the sediment quantity available: (1) after
detachment by precipitation energy, and (2) by the transport capacity of
overland flow. Quasi-steady state conditions can be assumed, so that a
single rainfall and runoff rate characteristics of each storm (or storm
series) can be used in computational procedures. [Foster and Meier;
1975.] The major sequence of computation is shown in Figure SW-9.

Sediment transport downslope of an area can be described with the steady
state equation of sediment mass continuity [Foster, G.R. et al; 1980]:

dq /dx = D + D (SW-10)

where:
qg = sediment load per unit width per unit time

x = distance (location)

lateral sediment inflow (mass/unit area/unit time)

[~}
[
n

Df = sediment detachment or deposition by overland flow
(mass/unit area/unit time)

Lateral sediment inflow to a watershed segment may originate from
interill erosion on overland flow elements, or from overland flow (or
a channel, if two channel segments are in a sequence) for the channel
elements. Flow in rills on overland flow areas or in channels, trans-
ports the sediment load downslope. Lateral sediment inflow can be
independently assumed of whether the flow is detaching or depositing.

During simulations of a watershed segment (overland flow element or in

a channel), the initial "potential sediment load" is estimated. This
load equals the sum of the sediment load from the: (1) immediate upslope
segment and (2) the lateral inflow. If:

(1) the initial potential sediment load is less than the
"transport capacity" of the overland flow, detachment
takes place at a rate: 'equal or less" the detach-
ment capacity of the flow. When this detachment takes
place, it adds particles having the particle size dis-
tribution for detached sediments. No sorting is assumed
to take place during detachment;

(2) the initial potential sediment load is greater than the
transport capacity of the overland flow, deposition is
assumed to take place.

SW-47

July 1981
Arthur D Little Inc



‘ START ’

COMPUTE FLOW

SLDIMENT LOAD
FRDN UPSLOPE OETACHMENT
sEoMENT CAPALITY

COMPUTL NEw POTENTIAL

COMPUTE SEDIMENT
ADDITION FROM SEDIMENT LOAD AS
LATERAL INFLOW SuM OF SEDIMENT FROM

DETACHMENT CAPACITY
AND INITIAL-POTENTIAL

SEDIMENT LOAD

SuUN SFDINENT
LOADS FOR AN
INITIAL-POTENTIAL
SEOIMENT LOAD COMPUTE TRANSPORY
CAPACITY BASED O
NEw POTENTIAL

SEDIMENT LOAD

COMPUYE TRANSPORY
CAPACITY GASED ON
POTENTIAL SEOIMENY

1040

NO

TRANSPORT
CAPACITY
$E0 LOAD

LMY FLOW DETACHMENT
TO THAY wHICH wiLL
JUST FiLL TRANSPORY

AANSPOR
CAPACITY

SE0 LOAD
SEOIMENT LOAD LEAVING CaPACITY
SFGMENT EQUALS
nEw POTENTIAL
COMPUTE  OEPOSITION SEDINENT LOAD
SEDIMENT LDAD
LEAVING “EGWMENT

QATE
TRA Y
1 GO YO WEXT toulé‘l“c”u'svm
SEOMENT

conPull SLOIMENT
LOAD LEAVING
SEGMENT

G0 YO wEXT
SEGUENT

Source: Foster, G.R. et al; 1980]

FIGURE SW-9. FLOW CHART FOR DETACHMENT-TRANSPORT-DEPOSITION
COMPUTATIONS WITHIN A SEGMENT OF OVERLAND FLOW

OR CONCENTRATED FLOW ELEMENTS
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Sediment deposition within a segment is described in the simulation by:

D = a(T, - q¢) , and
(SW-11)
a = eVg/qy

where:
D = sediment deposition rate (mass/unit area/unit time)
a = first order reaction coefficient (length'l)
To= transport capacity (mass/unit width/unit time)

e = 0.5 for overland flow, and
1.0 for channel flow

Vg= soil particle fall velocity
qw=qdy - * ; discharge rate of runoff per unit width
(volume/width/time) .

Sediment detachment and deposition by flow is simulated in a segment in
four independent cases (processes):

(1) deposition over the entire segment

(2) detachment in the upper boundary and deposition
in the lower boundary of the segment

(3) deposition on the upper end and detachment in the
lower end of the segment

(4) detachment all along the segment.
Above cases are described mathematically [Foster, G.R. et al; 1981] as follows:
Case (1): takes place when:
T. <qg all along the segment (SW-12)

where:
D = [¢/(1+4)] (dTc/dx-Dp) (1~ (x /x)"*® 14D (xy/m)*?

¢ = eVg/qp,
dT./dx = constant over segment (SW-13)
Dy = a(Tey - qsu)

qS = Tc -(D/G)
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in which:
T, = transport capacity
qg = sediment load at distance x
D = deposition rate
$ = depositing coefficient
V. = soil particle fall velocity
g1 = discharge rate
D; = lateral sediment inflow
X, = distance (location)
D, = deposition rate at Xx,
Toy= transport capacity at x,
qgy= sediment load at x;

o = first order reaction coefficient

Case (2) takes place when:
To. < qg within the segment
Tey > qsy and (SW-14)
dT./dx < 0
1f ch/dx < 0 for a segment where T, > Qg T. may decrease below qg
within the segment. The point location where qg = T, is determined
(defined) as x4p (xy in equation SW-13), with D,; = 0. Deposition and

sediment load are estimated from equations SW-13.1, SW-13.2 and SW-13.5
(equations group SW-13).

Case (3) takes place when:

T. > qg within the segment
Teu < Qgy and (SW-14)

dT./dx > 0
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At a point (location) x4, "deposition' may end. In this case D, = 0,
To = q4. Downslope, detachment and "sediment load" take place.

Deposition ends at:

xae = %y 1 = [(1+0) /61 [0, MTc/a = pp)I{H D (515
Sediment load is given by:

Qg = (Dpy + Dy, + Dpp + Dy1) 8%/2 + qgy (SW-16)
where:

Xde = location where deposition ends

Xy = distance

¢ = deposition coefficient

D, = deposition rate at x, ; see equation (SW-13.4)

T. = transport capacity

D;, = lateral sediment inflow

qs = sediment load

u,L = segment subscripts; u = upper, L = lower

Dp = Dgy, Dy, ; sediment detachment or deposition

D, = Dp,» DLL ; lateral sediment inflow

Ax = length of segment where detachment occurs

qg, = sediment load from upper segment
in which:

bx is from x4, to the lower end of segment

dgy is at X4, which is T, at x,, ; ie qg,(xge) = T¢

Case (4) takes place when:
Te > qg over the entire segment.

Sediment load is estimated with equation SW-16.
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3.4.2 Modeling Issues

Eroded sediment is a mixture of particles having various sizes and
densities. Simulations are performed for each particle type.

Equations describing: (a) sediment characteristics, (b) flow detachment
capacity, (c) rainfall erosivity, (d) effects of overland slope,

(e) sediment transport capacity, and (f) other parameters are presented
[Foster, G.R.; 1980] in the following sections for the:

(1) overland flow element
(2) channel element
(3) impoundment element

The following four sections describe sedimentation characteristic issues,
and issues relating to the modeling of the three elements; overland,
channel and impoundment.
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3.4.3 Sediment Characteristics

Eroded sediment is a mixture of primary particles and aggregates of
various sizes. Size distribution is either an input to the model, or

can be estimated by the model analytically if distribution is not given.
In the latter case the model assumes 5 particle size distributors derived
from surveys of existing data as described in the following paragraph.

Typical sediment characteristics assumed for detached sediment before
disposition, typical for midwestern silt loam soil are presented in

Table SW-21. Equations employed to estimate particle size distributions
are presented in Table SW-22. Particle sizes assumed to derive the
equations for the particle size distributions are presented in Table SW-23.
Primary particle composition of the sediment load is estimated for small
and large aggregates with the equations presented in Table SW-24.
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TABLE SW-21.

Specific
Particle Type Diameter Gravity
(mm) (g/cm3)
Primary clay 0. J2 2.60
Primary silt .010 2.65
Small aggregate .030 1.80
Large aggregate .500 1.60
Primary sand .200 2.65
Source: [Foster, et al.; 1980]
July 1981
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SEDIMENT CHARACTERISTICS ASSUMED FOR DETACHED
SEDIMENT BEFORE DEPOSITION; ASSUMED TYPICAL
OF MANY MIDWESTERN SILT LOAM SOILS

Fraction of Total
Amount
(mass basis)

0.05
.08
.50
.31
.06
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TABLE SW-22. EQUATIONS EMPLOYED TO DESCRIBE PARTICLE
SIZE DISTRIBUTION

PSA = (1.0 - ORCL)Z2-49 ORsA

PSI = 0.13 ORSI

PCL = 0.2 ORCL (sw-14)
2 ORCL ORCL < 0.25

SAG = € 0.28(ORCL - 0.25) + 0.5 0.25< ORCL < 0.50
0.57 0.5 <ORCL

LAG = 1.0 - PSA - PSI - PCL - SAG

where:

ORCL, ORSI, ORSA: Fractions for primary clay, silt, sand
in the original soil mass

PCL, PSI, PSA, SAG, LAG: Fractions for primary clay, silt,
sand, small and large aggregates
in the detached sediment

LAG20.0: In case LAG <0.0 multiply all other parameters
with a coefficient to make LAG = 0.0

Source: [Foster, et al.; 1980]
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TABLE SW-23. ASSUMED TYPICAL DIAMETERS OF PARTICLE SIZES

DPCL = 0.002 mm
DPSI = 0.010 mm
(SW-15)

DPSA = 0.20 mm

0.03 mm ORCL < 0.25
DSAG = { 0.20(ORCL - 0.25) + 0.03 mm 0.25<ORCL <0.60

0.1 mm 0.60 < ORCL
DLAG = 2(ORCL) mm

where DPCL, DPSI, DPSA, DSAG, and DLAG are, respectively, the diameters
of the primary clay, silt, and sand, and the small and large aggregates
in sediment. The assumed specific gravities are shown in Table SW-21.

Source: [Foster, G.R. et al; 1980]
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TABLE SW-24. EQUATIONS EMPLOYED FOR PARTICLE COMPOSITION
OF SEDIMENT LOAD*

Small aggregates:

CLSAG = SAG - ORCL/(ORCL + ORSI)
(SW-16)
SISAG = SAG - ORSI/(ORCL + ORSI)
SASAG = 0.0
Large aggregates:¥®¥
CLLAG = ORCL - PCL - CLSAG
SILAG = ORSI - PSI - SIAG (sW-17)
SALAG = ORSA - PSA

where CLSAG, SISAG, and SASAG = gractions of the total for the sediment
of, respectively, primary clay, silt, and sand in the small aggregates
in the sediment load, and CLLAG, SILAG, and SALAG are corresponding
fractions for the large aggregates.

*The text of this table was "quoted" from Foster, G.R, et al. [1980].

**]f the clay in the large aggregate expressed as a fraction for that
particle alone is less than 0.5 times ORCL, the distribution of the
particle types is recomputed so that this constraint can be met. A
sum, SUMPRI, is computed whereby:

SUMPRI = PCL + PSI + PSA.
The fractions PSA, PSI, and PCL are not changed. The new SAG is:
SAG = (0.3 + 0.5 SUMPRI)(ORCL + ORSI)/[1 - 0.5 (ORCL + ORSI)].

Above equation is derived given previously determined values for PCL,
PSI, and PSA; the sum of primary clay fractions for the total sedi-
ment equals the clay fraction in the original soil, and the assump-
tion that the fraction of primary clay in LAG equals half of the
primary clay in the original soil.

The model also computes an enrichment ratio using specific surface
areas for organic matter, clay, silt, and sand. Organic matter is
distributed among the particle types based on the proportion of pri-
mary clay in each type. Enrichment ratio is the ratio of the total
specific surface area for the sediment to that for the original soil.

Although these relationships are approximations to the data found in
the literature (Young, R.A.; 1978), they represent the general trends.
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3.4.4 Overland Flow Element

Detachment on interrill and rill areas and transport and deposition by
rill flow are the erosion-transport processes on the overland flow
element. Detachment equations are presented in Table SW-25 (Equation
18.1 and 18.2). Mathematical expressions for the storm erosivity (EI)
and slope length exponent (m) of above equations are also presented in
Table SW-25 (Equation 18.3 through 18.4).

Sediment transport capacity is described by the Yalin equation [Yalin, S.;
1963]; however, it has been modified by Foster and Meyer [1972] to
account for various particle sizes and types. All equations employed

are presented in Table SW-26. Foster, G.R., et al. [1980], presented

six computational steps to redistribute the transport capacity when

excess and deficits of sediment occur.

Regarding the computational procedure the authors [Foster, et al.; 1980]
established a sequential simulation starting with the upper end of a
slope and routing sediment downslope, as in most discretized sediment
models. Computations take place for each particle size type. Concen-
tration multiplied by the runoff volume and overland flow area repre-
sented by the overland flow profile gives the sediment yield for the
stone on the overland area of the field.

The overland flow is represented by a typical land profile selected
from possible overland flow paths. 1Its shape may be uniform, convex,
concave, or a combination of these shapes. Inputs are total slope
length, average steepness, the slope at the upper end of the profile,
the slope at the lower end of the profile and location of end points
of a miduniform section.

Given the above information, the model establishes segments along the
profile. The procedure is illustrated by the convex shape shown in
Figure SW-10. Coordinates of points A, C, and D are given, as are slopes
Sp and Sp. A quadratic curve will pass through point C tangent to the
line CD and through point E tangent to line AB. The location of point
E is the intersection of a line having a slope equal to the average of
Sp and Sy with line AB. If x7 is less than x], x3 is shifted downslope
so that x} = x3. [Foster, et al.; 1980].
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TABLE SW-25. OVERLAND FLOW ELEMENT EQUATIONS
(Equation category SW-18; for
notation see next page)

DLi = 4.57 (EI)(s + 0.014) KCP opA, (Sw-18.1)
Dpr = (6.86 x 108)m v, gp1/3 (x/22. 1™ 1s2kcp(ap Ay (SW-18.2)
where:
= 0.103 vgl.31 or
EI { = 0.0276 VgI or (sw-18.3)

= e=11.9 + 8.73 (1og1()i) (if hyetograph is available)

m = 1.0 + 3.912/1n(x); x>50m (Sw-18.4)
= 2 ; X<50m
where:
Dp; = interrill detachment rate (g/m?/s)
D, = rill detachment capacity rate (g/m?/s)
EI = EIjp = Wischmeier's rainfall erosivity (N/h) expressed

as total rainstorm energy (E) times 30-minute

(I39) intensityl/

m = slope length exponent (-)

s = sine of slope angle

K = USLE soil erodibility factor (gh/Nm2)2/
SW-59
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TABLE SW-25. OVERLAND FLOW ELEMENT EQUATIONS (Continued)

C = so0il loss ratio of the USLE cover-management factor

P = USLE contouring factor3/

Op = peak runoff rate expressed as volume/area/time (m/s)

Vy = runoff volume/area (m)

X = distance downslope (m)

Vg = volume of rainfall (mm)4/

1 = maximum 30-minute intensity (mm/h)

e = rainfall energy per unit of rainfall (J/m2/mm of rain)3/
i = rainfall intensity (mm/h)

1/EI[I:‘.nglisﬁ]”"l.702 = EI{metric; N/h]

2/Units of K must be carefully noted. K[English]*131.7 = K[metric; gh/Nm?]
3/Only the contouring part of P is used.

4/Equation SW-18.3a was derived from 2700 data points (r2=0.56)

5/EI=e (Foster, et al.; 1980]

Source: [Foster, G.R. et al; 1980]
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TABLE SW-26. DIMENSIONLESS SEDIMENT TRANSPORT

CAPACITY EQUATION OF S. YALIN [1963]
(SESOIL Equation Category SW-19;
For notations, see next page)

Single Particle Equation:

Wg

2 1n (1 +0)] = P

Pg = __ _ S5 _ =20.635 §[1 -
(Sg)gpwdv*
where:
0=6A
. ¢ -
§ = 35—-1 (when Y < Y., § = 0)
Yer

A= 2.45(85)70-4(y ., )1/2

VZ*

v, = (gRsg)l/2

Modified Multiparticle Supporting Equations:

(N =
(Pg)j =

(Wgi) =

where:

July 1981

Tsoil

N; (64/T)

P;6;/T

= yys(npoy/nNeoy)

y = [;lwnbov,so.s]o.6

(Pe)j (Sg)ipwgdiV,

0.9
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TABLE SW-26. DIMENSIONLESS SEDIMENT TRANSPORT
CAPACITY EQUATION OF S. YALIN [1963] (Continued)

where:

Pg = nondimensional transport

W = transport capacity (mass/unit time/unit flow width)

Sg = particle specific gravity

g = acceleration due to gravity (g=9.81 m/sec?)

Pw = mass density of fluid (water)

V, = sheer velocity = (1/pu)1/2

T = sheer stress

0.635 = constant from Shield's diagram

0,A,§ = defined dimensionless expressions

Y = actual lift force given by Yalin

Ycr = critical lift force given by Shield's diagram as a
function of the particle Reynolds number

= particle diameter

R = hydraulic radius

S¢ = slope of energy gradeline

i = sediment particle type

T = total value of §'s in the mixture

ng = number of particle types in the mixture

(Ne)j = number of transported particles of type i in a mixture

N; = number of particles transported in sediment of uniform
type i for a §4.

(Pe); = effective P for particle type i in a mixture

(Ps)j = the Pg calculated for uniform material i

(Wg); = transport capacity of each particle type in a mixture

Tgoil = Sheer stress acting on soil

Y = weight density of water

y = flow depth for bare smooth soil

Npoy = Manning's coefficient (n) for bare soil; =0.01 for
overland flow; =0.03 for channel flow

Ncor total Manning's (n) for rough surfaces or soil covered
by mulch or vegetation

Qy = discharge rate per unit width
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FIGURE SW-10. SCHEMATIC REPRESENTATION OF CONVEX SLOPE
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3.4.5 Channel Element

The channel element (Figure SW-8) is used to represent flow in terrace
channels, diversions, major flow concentrations whose topography has
caused overland flow to converge, grass waterways, row middles or graded
rows, etc. This element does not describe gully or large channel erosion
[Foster, G.R.; et al; 1980].

The spatially varied flow equation of the channel element is given in
Table SW-27. Equation system (SW-21) is solved for a range of typical
values C1, C2, C3 for subcritical flow, and regression curves are derived
for the components of the normalized friction slope of the channels (SSF).
Curves are fitted to the solutions in order to reduce computation time.

The equation for: (1) the detachment capacity (Dg.) by flow over a
loosely tilled seedbed; (2) the erosion rate in the channel (E.p);

(3) the width of the channel (W) at any time after the channel has
eroded to the nonerodible layer; (4) the final width of the channel (Wg);
(5) the hydraulic radius due to soll (Rgoil); (6) the shear stress
acting in the soil (tgpi]1); and (7) the shear stress acting on the soil
cover (tooy) are given in Table SW-28 (equations SW-22 to SW-28).
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TABLE SW-27

SPATTALLY VARIED FLOW EQUATION; CHANNEL ELEMENT

2 16/3 4 2 5
dy*/dx* =[5, - C2 x, Iy, - C3 x/y, 1/[1 - C3 x, ly, ]
Cl - [25/2/2(22+l)l/2]2/3

19/6,2
= \
c,=1Ion Leff/Clye ] (SW-21)
- 2,245
C,=280Q, /g2 y,
where:
y = y/ye
y = flow depth
ye = flow depth at the end of the channel
S, = SLeff/ye
s = channel slope
x = distance along channel
X, = x/Leff
L £F effective channel length (i.e., the length
€ of the channel if it is extended upslope to
where discharge would be zero with the given
lateral inflow rate
Cl, Cz, C3 = constants
m = Manning coefficient

N
it

side slope of channel

Qc = discharge at end of channel
B = energy coefficient (app. 1.56)
g =9.81 m/secz; acceleration of gravity
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TABLE SW-28

OTHER EQUATIONS DESCRIBING SEDIMENT TRANSPORT

- 1.05
Dpe = Koy (1035 7 - rcr)
_ - 1.05
Ech = wac Kch (1.35 7 Tcr)
- - 1.05
(dW/dt)i 2 kch (Tb Tcr) /pSoil
1/2.3/8 5/3
W, = -
= la/s .0 -2 x o) x )
- 1/2,.3/2
Rooi1 = (Vapep/S¢ )
Tsoil =Y Rsoil sf
) 1/2.3/2
Tcov Y [V(nt nbch) Sf ]
where:
DFc = rate of sediment detachment by
flow in channel (mass/area/time; i.e., kg/mz/s)
K, = soil erodibility factor of the USLE (mZ/N)l'05
T = average shear stress (N/mz) of the
flow in the channel.
T = critical shear stress (N/mz) below which
cr . . R
erosion is negligible.
Ech = rate of soil loss per unit channel length
(mass/unit/channel length/unit time)
wac = width of an eroding channel at equilibrium
W, = width at time t=t,
i i
W = width at time t
(dW/dt)i = rate that channel widens at t=t,
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TABLE SW-28 (Continued)

T. = shear stress in a channel at a
nonerodible boundary

p = man density of soil

soil
Wf = final channel width
Q = discharge rate (m3/s)
n = Manning friction coefficient
S, = Friction slope for flow hydraulics
in a channel
X . = Normalized distance around wetted perimeter
cf .
where =T, at nonerodible boundary
R .. = hydraulic radius due to soil
soil
Tcov = shear stress at which the cover starts to move
n = total Manning coefficient
My eh = Manning coefficient for a base channel.

SW-67

Arthur D Little inc



3.4.6 Impoundment (Pond) Element

The impoundment or pond element (Figure SW-8) describes deposition
behind impoundments (including parallel tile outlet terraces) that drain
after each storm. The pond element (receiver) is the last element of an

element series.

The equations for: (1) the sediment fraction (Fpi) deposed in an impound-~
ment and (2) the runoff volume (V ) out of an impoundment are presented
. out

in Table SW-29.

3.4.7 Discussion

Discussion regarding use of the model will be presented later.
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TABLE SW-29

SUPPORTING EQUATIONS; IMPOUNDMENT ELEMENT

Fpi = Al[exp(Bldu) - exp(Bldl)]/(B ad) (SW-29)
Vout = 0:95 V. exp (zy) (SW-39)
where:

Al = 1.136 exp (Zg)

Bl = -0.152 exp (Yg)

Zg = Zg (fa5 Cor » Vros Ip)

Yg = Y5 (£2, Cors Vro» Ip)

_ 2 - 4 1/2
Cor = 0.15 dor = (7.02 x 10) Qp/yd
2 =2, (fa’ Cor’ Vro’ Ip)
in which:
Fpi = fraction passed for particle i
Al, Bl = coefficients
du = equivalent sand diameter of upper end of a

sediment particle class; (mm)

d1 = equivalent sand diameter of lower end of a
sediment particle class: (mm)
£d = width of a particle class; (mm)
Vout = volume of runoff Jischarged (out of impoundment); (m3/storm)

Vin = runoff volume into impoundment; (m3/storm)

Zr = exponent in equation for runoff reduction by
an impoundment; (=)
Zs = exponent in equation for deposition in an impoundment; (-)

Ys = exponent in deposition equation of an impoundment; (-)

coefficient in surface area-depth relationship for impoundment

Hh
]
n

Vr = runoff/volume (m3/storms)
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3.5 Subroutine SEDIMM

3.5.1 General

3.5.2 Input/Output Parameters
3.5.3 Data Files

3.5.4 Discussion

3.6 Sensitivity Analysis of SEDIMM

3.6.1 General

3.6.2 Hydrologic Parameters
3.6.3 Sediment Yield Parameters
3.6.4 Discussion

3.7 Conclusions

Sections 3.5 and 3.6 will be presented in the draft report of this
contract. Section 3.7 will be presented at a later time.
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1.0 INTRODUCTION

The transport by wind of ground surface particles is called soil resus-
pension or wind erosion. In many geographical areas the amount of
material (fugitive dust) involved is significant; therefore, sediment
associated pollutant load entrained by the air can also be significant.
"Fugitive dust processes" involve mechanical disturbances on the ground
surface causing atmospheric pollution dishcarges. The physics of soil
resuspension are complex, with several dependent variables.

This appendix is not intended to thoroughly describe the fugitive dust
(soil resuspension) mechanics; rather it provides generalized background
information on the nature of the process, the assumptions made for the
mathematical modeling developed, and examples of the soil-resuspension
routine of SESOIL. Alternative modeling approaches are possible. This
routine is not operational in the 1981 version of SESOIL; therefore no
special attention 1s given to the drafting of this appendix. However,
in case of interest, a potential model user should contact the SESOIL
model developer (Dr. M. Bomazountas, (617) 864-5770 x5871), since coding
of this routine is a minor task.
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2.0 MATHEMATICAL MODELING
2.1 General

The Soil Resuspension model (SR) estimates the amount of soil lost from
the surface layer due to wind erosion. The amount of pollutant carried
with the resuspended particles is proportional to the soil loss and the
concentration of adsorbed pollutant on soil particles. Depending upon
data availability, or the desired degree of accuracy, the model output
provides estimates of: (1) the monthly soil loss, (2) the average
annual loss, or (3) the annual loss as the sum of monthly losses.

Figure SR-1 shows the overall module structure of SESOIL. The module
accounts internally for a check for average wind speeds below a "criti-
cal velocity" and passes on to the next time step if the critical
condition is not met. A similar check is carried out for frozen or
snow-covered ground conditions; this check is carried out differently
for the annual as opposed to monthly time step analysis.

2.2 Mathematical Approach

Soil resuspension has been described and analyzed by Chepil and Woodruff
(1963), Woodruff and Siddoway (1965) and Evans and Cooper (1980) among
others. This subroutine is based primarily on the work of Chepil,
Woodruff, and Siddoway in the development of an erosion equation and
upon the work of Evans and Cooper in application of the equation to
estimate particulate emissions from various open sources.

The amount of soil eroded by wind, E, as estimated by Chepil and
Woodruff (1963) is:

E=f£f(, K, C, L, V) (SR-1)
The variables are:

e I: so0il erodibility index (tons/acre/season)
This parameter is based upon the percentage of
soil fractions larger than 0.84 mm (A) as deter-
mined by dry sieving.

The value for I, as used in equation SR-1, however,
is given in tons/acre/month (or year). For flat
sites, values of I are provided in Table SR-1 for
various soll types covering the range of particle
sizes.

e K: soil ridge roughness factor
K is approximated from the soil ridge height
(in inches) using Figure SR-2 or Equation SR-2.

K= ah? + bh + 1 (SR-2)
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Time Step Selection

Annual vs. Monthly
Simulation

Data Input

Calculation of Intermediate
Parameters

Calculation of Amount
of Soil Eroded

FIGURE SR-1: THE SOIL RESUSPENSION MODULE STRUCTURE
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TABLE SR-1

SOIL ERODIBILITY INDEX (I)

Soil Types
Sand

Loam

Loamy Sand

Sandy Loam
Sandy-clay-loam
Silt Loam

Clay, Silty-clay
Sitly=-clay-loam
Clay Loam
Sandy-clay

Silt

Source: Evans and Cooper 1980.

(Tons/Acre/Yea:) t/A/mo
436 36
207 17
180 15
156 13
129 11

91 7.6

60 5

39 4.9

44 3.7

31 2.6

11 0.92
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FIGURE SR-2: RELATIONSHIP OF SOIL RIDGE ROUGHNESS
FACTOR K, FROM HEIGHT OF SOIL RIDGES
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where h is the height (in inches of the soil
ridges and must be less than 10. Parameters
"a" and "b" will be determined for the opera-
tional version of SESOIL, which will not
require any user interaction.

e C: climatic factor
The relationship defining C is based upon work
by Thornthwaite (1931) in establishing a P-E
(precipitation-evaporation) index. The general
equation for C is:

. 3/
2 3

0.0026 (%g) . V, : (SR-3)
¢ 2 22214

((p/T)-10)""

where

z = height of mean wind velocity measurement (ft)
v, = mean wind speed at elevation z (ft/sec)
P = mean precipitation (inches)
T = mean temperature (°F)

This relationship was derived from the equation
correcting for wind speeds not measured at 30 ft
elevation (e.g. SR-4), the equation for determining
P-E (e.g. SR-5), and the original relationship for
C (e.g. SR-6).

- 30\/2 (SR-4)
V30 = (E) ',
P-E = 11((P/T)-10)+-111 (SR-5)
3
C = 34.483 (YQQ) (SR-6)

(P-E)2

o L: field length factor
This parameter is dependent upon the values of I, K,
and C already determined and upon dimensions of the
site. These latter are used to find the equivalent
(or unsheltered) field length, L. Graphs provided
by Woodruff and Siddoway (1965) (Figure SR-3) are
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used to determine an intermediate value for E as
£(I, X, c, L).1

The field length factor is used to account for the
shielding effect of barriers around the site. A
boundary barrier, such as wind break or building can
reduce wind speed in the upwind direction and may even
cause an adjacent dead spot, i.e. Vo = 0. Within the
site itself, due to the presence of barriers, effec-
tive length of field exposed to the wind may, there-
fore, be decreased.

vegetative cover factor

The presence of vegetation reduces erosion through
the combined action of three mechanisms: increased
soil moisture held in root zone, physical presence

of the roots, and raising of the mean aerodynamic
surface above the ground surface. The latter pheno-
menon reduces the movement of air (i.e. wind velocity)
at the ground surface.

This parameter is a function of I, K, C, and L, found
graphically from a family of curves representing
different values of V (Figure SR—4).1

2.3 The SESOIL Subroutine

A simplified flowchart for the SR simulation subroutine is shown on the
next page (Figure SR-5). In order to keep this figure simple, the
details of time step decisions and summation of monthly erosion are

omitted.

The SR subroutine requires input data for parameters which are not used
by other subroutines. These parameters are:

.
1

SO0I

SRH

DFG

APW

necessary.
the variables.

= the soil erodability index, I; (tons/acre/month)

mean wind velocity at elevation z;(ft/sec)

- elevation, z, of wind velocity (WVZ) measuremenp;(ft)
- soll ridge height;(inches)

= days the ground is frozen per month;(days)

= angle of prevailing wind

In the final, fully automated version of SR, this graph will not be

It is shown here to demonstrate the relationships between

SR-10

Arthur D Little Inc



300 /
200 T
: /47
‘oo | 4
Z 13X
s 7L
L 60 Ll
z 30 ra i
ER VAV MIIN)
P & 171
~ \J /
w 2 ‘l\
v . 7
%3 I~
: s Q. 7 / }/
n .
g 10 3 ~# / A l/l/
-~ Q. w4 Z JEITIT
; s & Y AT XY
3 UQ v 7 V4 lyll_l I—Lflﬁ
g s & ASRRIIIN
£ 2 > 7 AT AR InIn
o & d $ Afamin
- Vg -AVi 1SRN
2 ’\9 / Y _ 9 JIYIV Iy
€ )
Sp o
N /
! ya va - o aw & -
o8 - ) T AT g
0.6 I BE BIAVARSID B
il i PESTANNEES
as o081 2 3 4 5% 8 10 20 30 40 &0 OO0 20C A

Eys FICCL (TONS ZACRE 7ANNUM)

FIGURE SR-4: RELATIONSHIP BETWEEN I, K, C, L, U AND E

SR-11

Arthur D Little Inc



Data Input:

1. SR input parameters: SOI, WVZ, WEZ,
SRH, DFG, DTS, BBH, APW

2. Climatic parameters: MPM, TA, NDM
3. User: EAI2, EAF

Check for critical conditions:
1. WvZl > 14.7 ft/sec
2. DFG ¢ NDM

'

CLI = 0.43 (WEZ)~3/2 (uvz)3
(MPM/TA-10) 2+ 222
SRF = a(SRH)Z + b(SRH) + 1
EAT1 = SOI x SRF x CLI x DFG/NPM
'
EFL = DTS - 10 x BBH

|
Y

Output EFL and EAIl - User deter-
mines EAI2 as f(EFL, EAIl)

graphically

User determinés EAF as f(EAI2)
and inputs EAF

EAF = final output

FIGURE SR-5: SIMPLIFIED FLOWCHART FOR SR SUBROUTINES
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e DTS distance across field to site under analysis (ft)

e BBF = boundary barrier height (ft)

The subroutine requires data for two parameters already incorporated
into SESOIL: MPM, the mean monthly precipitation (MPM) and the mean
monthly temperature (TA). The subroutines which use MPM and TA as
inputs require them in units of cm and °C, respectively, Therefore,
the SR subroutine will read the appropriate values from the data files
and automatically convert MPM from cm to inches and TA from °C to °F as
part of calculating the climatic index C.

The subroutine, as currently assembled, requires user inputs to find
the final eroded amount: EAF. Those inputs are necessary because a
single equation expressing the eroded amount, as a function of all the
variables, has not yet been derived. The relationship between E and V
is of the form E = f(e)V, while that between E and L is of the form
E=f(l - b). The vegetative cover factor (V) is called VCF and the
field length factor (L) is named FLF in the SR subroutine.

The FLF is a function of I, K, and C as well as the physical dimensions
of the site/field relative to the prevailing wind direction. Therefore,
the model outputs an intermediate value for E, defined as EAIl, and a
value for the unsheltered wind distance or equivalent field length
(EFL). These two are applied to Figure SR-3 to determine a second
intermediate value for E, called EAI2.

The final value for E, defined as EAF, is also user determined as the
relation for the VCF is handled graphically based upon EAI2. The. user
must then input EAF so it can be integrated into the pollutant cycle
subroutine. Figure SR-4 is used for this purpose.

The time steps used in the SR subroutine correspond to the four levels
of simulation used by SESOIL: monthly - time-specific, monthly -
general, annual - time-specific, and annual - general.

Note: The final version of the SR subroutine will not require user
input as we will determine the mathematical relationships
involved to allow SR to run unaided.

2.4 Subroutine Parameters

Input Parameters

e Climatic Parameters

MPM = mean precipitation (inches)
TA mean temperature (°F)

SR-13
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e Soil Erosion Parameters

SOI = soil erodability (I) (tons/acre/month)
WVZ = mean wind velocity at elevation z (ft/sec)
WEZ = elevation z at which WVZ was measured (ft)

SRH = soil ridge height (inches)

DFG = days of frozen or snow-covered ground per month

DTS = perpendicular distance across field to site of analysis (ft)
BBH = boundary barrier height (ft)

APW = angle of prevailing wind (°)

NDM = number of days in the current month
e User Specified Parameters

EAI2 second intermediate value for eroded amount

EAF eroded amount -~ final value

e Program Parameters (not user inputs)

CLI = climatic index, C
SRF = soil ridge height factor
EFL = equivalent field length

EAIl = first intermediate value for eroded amount
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3.0 EXAMPLES OF APPLICATIONS
3.1 Waste Disposal

For the simple and probably commonly-encountered situation of a waste
disposal site, the following assumptions may be made:

1. Soil types will vary greatly, thus relying upon the
specification of a value for 1 for each site.

2. The site will be flat and have no ridges, thus SRH = 1.

3. C will be determined by the data input for the site.

4, The site will be of sufficient size to eliminate any
reductions in the equivalent field length. Thus
F(L) = 100% or a factor of one.

5. No vegetation will be present at the site of recent
pollutant (waste) application. Thus £(V) = 100% or

a factor of one.

Thus equation SR-1 reduces in this case to

0.43 ()~ /2 (izh)3
E=
2/ T)-10y2- 222

Assumption 4 is based upon the fact that EFL = DTS if not the analyti-
cal location is at least 6000 feet from the site's boundary along the
direction of the wind and if I>30; if I>130, and the location of
analysis is 2000 feet from the edge, then boundary barrier effects do
not reduce EFL.

3.2 Agricultural Application of Wastes

Whether liquid or sludge wastes have been applied to agricultural lands,
there will likely be a residual pollutant load in the surface soil layer.
While some amount of the residues may be taken up by the crop, the
possibility of erosion exists. In this case, a value for SRH and deter-
mination of the VCF is necessary. The user must specify from Figure SR-2
(or equation SR-2) a value for SRH during data initialization and use
Figure SR~3 during the program. Similarly, if the site does not meet

the size limitations described in application 3.1 above, the procedure
for EAI2 is necessary -- also to be input by the user during the program.
Because this function is particularly difficult to utilize with any
degree of accuracy from Figure SR-4, it is recommended that assumption 4
always be made.
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1.0 INTRODUCTION

Diffusion and dispersion (terminology is given in Section 2.0) are two
processes by which molecules of a compound in a region of high
concentration move into a region of lower concentration. Diffusion
occurs most readily in gases, less so in liquids, and least in solids.
Volatilization is a form of diffusion that occurs when a compound moves
from the soil environment into the atmosphere. For many pollutants,
volatilization is an important mechanism for their loss from the soil.

The rate at which a chemical volatilizes from the soil is affected by
many factors, such as soil properties, chemical properties, and en-
vironmental conditions. The magnitude of these factors and the
complexity of their interactions are such that assumptions must be made
in order to develop volatilization mathematical models. Many models are
available in the literature, and some of these models can be applied only
to specific environmental situations and only for the chemicals for
which they were developed. Obviously, all models do not provide the same
numerical results when employed to provide answers to a particular
problem.

This appendix is not intended to thoroughly describe the dispersion,
diffusion and volatilization processes of chemical species in soils;
rather, it provides: background information on the nature of these
processes, a short discussion on the physicochemical parameters af-
fecting volatilization, a short discussion of available volatilization
models and a presentation of the volatilization models employed 1in
SESOIL. Additional information regarding diffusion and volatilization is
given by Freeze and Cherry (1979) and Thomas (1981).
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2.0 BACKGROUND
2.1 General

In order to select a volatilization model, it is important to understand
the mechanism of movement of chemicals in the soil matrix and from the
soil to the atmosphere. An elucidation of this mechanism will also aid
in enumerating the factors affecting volatilization and the complexity
of their interaction.

It is known that flow regimes of soils have the ability to transport
dissolved substances known as solutes. Solutes are transported by
advection, at an average rate equal to the average linear velocity of the
flow regime. In addition, there is a tendency for the solute to spread
out from its path both longitudinally and transversally. This phenomenum
is called mechanical dispersion, or dispersion. Diffusion 1is a
dispersion process of importance only at low flow regime velocities.
Throughout this appendix only the terminology of diffusion will be used.

2.2 Diffusion/Volatilization

Substantial information in this section has been obtained from Freeze
and Cherry (1979).

Diffusion in solution 1is the process whereby ionic or molecular
constituents move under the influence of their kinetic activity in the
direction of their concentration gradient. Diffusion occurs in the
absence of any bulk hydraulic movement of the solution. If the solution
is flowing, diffusion is a mechanism, along with mechanical dispersion,
that causes mixing of ionic or molecular constituents. Diffusion ceases
only when concentration gradients become nonexistent. The process of
diffusion is often referred to self-diffusion, molecular diffusion, or
ionic diffusion.

The mass of diffusing substance passing through a given cross section per
unit time is proportional to the concentration gradient (Fick's first
law), or

F = -D(dc/dx) (vo-1)
where

F = solute mass flux along x; (ug/cm?-s)

D = diffusion coefficient of pollutant in aqueous solu-

tion; (cmZ/s)

c = solute concentration of pollutant; (ug/mL)
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dc/dx= concentration gradient; (-)
X = direction

The diffusion coefficients for electrolytes, for example, in aqueous
solutions are well known. The major ions in saturated soil layer
(groundwater) of NA*, K*, Mg2*, ca2*, Cl~, HCO3~ have diffusion
coefficients in the range of 1x10~9 to 2x1079 mzas at 259°C. The
coefficients are temperature-dependent and at 5°C, for example, they are
about 50% smaller. In unsaturated soil zones, estimation of the overall
diffusion coefficient (aqueous, vapor phase) is more complicated as will
be discussed in a later section.

In summary, it is important to realize that both diffusion and vol-
atilization refer to the movement of pollutants from a region of high
concentration towards a region of lower concentration (minus sign in
equation VO-1). Thus, in soils, when a "slug" of highly concentrated
pollutant is introduced into a volume of soil (soil, soil moisture, air),
it will "spread" out (diffuse) and will occupy a greater volume and at a
lower concentration. (Figure VO-1.) Within the soil compartment, this
spreading is called diffusion. When the pollutant spreads from the soil
column to the atmosphere, the process is called volatilization. There-
fore, diffusion and volatilization are the two processes contributing to
the continuous movement of a pollutant from its point of release into the
soil compartment to the atmosphere.

2.3 Partitioning/Distribution

A soil environment consists of three media: air, water and soil. (Figure
VO-2.) Therefore, a compound incorporated into a soil matrix will be
partitioned, and the pollutant will be present in all three phases: (1)
mixed in soil air, (2) dissolved in soil moisture, and (3) sorbed on soil
particles. The concentrations of the compound in each medium can be
related to equilibrium partitioning coefficients (frequently constant
parameters or isotherms) as discussed in Appendix AD (Adsorption) and in
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