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PRECIPITATION-RUNOFF MODELING SYSTEM: WUSER'S MANUAL

By G. H. Leavesley, R. W. Lichty, B. M. Troutman,
and L. G. Saindon

ABSTRACT

The concepts, structure, theoretical development, and data requirements
of the precipitation-runoff modeling system (PRMS) are described. The pre-
cipitation-runoff modeling system is a modular-design, deterministic, dis-
tributed-parameter modeling system developed to evaluate the impacts of
various combinations of precipitation, climate, and land use on streamflow,
sediment yields, and general basin hydrology. Basin response to normal and
extreme rainfall and snowmelt can be simulated to evaluate changes in water-
balance relationships, flow regimes, flood peaks and volumes, soil-water
retationships, sediment yields, and ground-water recharge. Parameter-optimi-
zation and sensitivity analysis capabilities are provided to fit selected
mode]l parameters and evaluate their individual and joint effects on model
output. The modular design provides a flexible framework for continued
model-system enhancement and hydrologic-modeling research and development.

INTRODUCTION

The precipitation-runoff modeling system (PRMS) is a modular-design
modeling system that has been developed to evaluate the impacts of various
combinations of precipitation, climate, and land use on surface-water runoff,
sediment yields, and general basin hydrology. Basin response to normal and
extreme rainfall and snowmelt can be simulated on various combinations of land
use to evaluate changes in water-balance relationships, flow regimes, flood
peaks and volumes, soil-water relationships, sediment yields, and ground-water
recharge. PRMS 1is a deterministic physical-process modeling system. To
reproduce the physical reality of the hydrologic system as closely as possi-
ble, each component of the hydrologic cycle is expressed in the form of known
physical laws or empirical relationships that have some physical interpreta-
tion based on measurable watershed characteristics.

The modular design of PRMS provides a flexible modeling capability. Each
component of the hydrologic system is defined by one or more subroutines that
are maintained in a computer-system library. A1l subroutines are compatible
for linkage to each other. Given a specific hydrologic problem and its
associated data constraints, the user can select an established model from the
library or can design his own model using selected library and user-supplied
subroutines. The 1library also contains subroutines for parameter optimiza-
tion, sensitivity analysis, and model output handiing and analysis. The
initial system subroutines were obtained by modularizing an event-type dis-
tributed routing rainfall-runoff model (Dawdy and others, 1978) and a daily
flow rainfail- and snowmelt-runoff model (Leavesiey and Striffler, 1978), and
by writing new algorithms for processes and procedures not available in these



models. Additional subroutines will be added and existing subroutines will be
modified and improved as experience 1is gained from model applications in
various climatic and physiographic regions.

PRMS is designed to functicn either as a lumped- or distributed-parameter
type model and will simulate both mean daily flows and stormflow hydrographs.
PRMS components are designed around the concept of partitioning a watershed
into units on the basis of characteristics such as slope, aspect, vegetation
type, soil type, and precipitation distribution. Each unit is considered
homogeneous with respect to its hydrologic response and is called a
hydroiogic-response unit (HRU). A water balance and an energy balance are
computed daily for each HRU. The sum of the responses of all HRU's, weighted
on a unit-area.basis, produces the daily system response and streamflow from
the watershed. Partitioning provides the ability to impose land-use or
climate changes on parts or all of a watershed, and to evaluate resulting
hydrologic impacts on each HRU and on the total watershed.

Input variables include descriptive data on the physiography, vegetation,
soils, and hydrologic characteristics of each HRU, and on the variaticn of
climate over the watershed. The minimum driving variables required to run in
the daily-flow mode are (1) daily precipitation, and (2) maximum and minimum
daily air temperatures. Daily pan-evaporation data can be substituted for air
temperature for situations where snowmelt simulation is not required; daily
solar radiation data are recommended when snowmelt will be simulated. To
simulate stormflow hydrographs, rainfall depths for time intervals of 60
minutes or less are required. PRMS is designed to run with data retrieved
directly from the U.S. Geological Survey's National Water Data Storage and
Retrieval (WATSTORE) system (Hutchinson, 1975). However, PRMS also can use
data not stored on the WATSTORE system. Programs are available to read and
reformat these data to make them model-compatible.

The modular system approach provides an adaptable modeling system for
both management and research applications. For management problems, a model
can be tailored to geographic region, data, and probiem characteristics.
Research applications include development of new model components and the
testing and comparison of various approaches to modeling selected components
of the hydrologic cycle. New model components proposed as future additicns to
PRMS 1include water-quality compcnents and expanded saturated-unsaturated flow
and ground-water flow components.

This documentation is designed to provide the user with the basic phiios-
ophy and structure of PRMS, instructions for application of established
models designed as cataloged procedures, and instructions for interaction with
the PRMS 1library to permit user additions or modifications of model compo-
nents. The components and subroutines described in this document are those
available at the time of pubiication. However, the library is dynamic and
will be enhanced and updated through time. This manual will be updated to
reflect major additions and changes through manual inserts or republications.

A1l components of PRMS except the hydrologic and meteorologic data
retrieval subroutines (DVRETR and UVRET) are written in FORTRAN. PRMS data
sets are handled using an indexed sequential (ISAM) file structure. Because
PRMS has been developed on an AMDAHL computer system, DVRETR and UVRET are



written in PL/I programming language. To run PRMS on computer systems that
don't have ISAM file or PL/I-FORTRAN interface capabilities will require
modifications to DVRETR and UVRET. Descriptions of DVRETR and UVRET are given
in attachment VII to facilitate user modifications. Future enhancement of the
data management components includes the development of a FORTRAN-based
data-management system. This system will permit creation, editing, and
limited analysis of a PRMS data set.

SYSTEM STRUCTURE

The PRMS structure has three major components. The first is the data-
management component. It handles the manipulation and storage of hydrologic
and meteorologic data into a model-compatible direct access file. The second
is the PRMS 1library component. This component consists of both a source-
module library and a locad-module library for the storage of the compatible
subroutines used to define and simulate the physical processes of the hydro-
logic cycle. In addition, it «contains the parameter-optimization and
sensitivity-analysis subroutines for model fitting and analysis. The third
component is the output component that provides the model output handling and
analysis capabilities.

The three PRMS components are shown schematically in figure 1. Hydro-
logic and meteorologic field data are collected and stored in either user data
files or the U.S. Geological Survey's WATSTORE system. Data interface pro-
grams accept data from these two sources and convert and store the data in an
index-sequential (ISAM) file, which is fully model-compatible. The
precipitation-runoff model either is selected as a cataloged procedure from
the PRMS 1library or is created from PRMS library- and user-supplied subrou-
tines. The model reads initialization and basin characteristics information
from card-deck input and accesses the ISAM data file for hydrologic and
meteorologic data required for model operation. Model outputs can be printed
and stored for further analysis.

The major components of the PRMS structure are discussed in greater
detail in the following sections. Examples of the use of these components are
given in attachments II and III.

Data Management

The U.S. Geological Survey WATSTORE system is used for permanent storage
of hydrologic and meteorologic data. Field measurements are transmitted to
the U.S. Geological Survey Computer Center in Reston, Va., where WATSTORE data
reduction and input programs are used to stcre the data in the "Daily Values"
and "Unit Values" files. Data in these files are identified by a unique
station number and 5-digit parameter and statistic codes. STORET £PA parame-
ter codes are used to identify the type of data, and the statistic code
defines the frequency of measurement or statistical reduction of the data.
Lists and explanations of these codes may be found in Appendices D and E,
Volume 1 of the WATSTORE user's manual (Hutchinson, 1975). Typically, the
daily file will contain, for each day in the period of record, the maximum,
minimum, and mean air temperature in degrees Celsius (°C), total! solar radia-
tion in langleys per day (ly/d), total precipitation in inches, and mean
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discharge in cubic feet per second (ft3/s). The unit file is used for storage
of data collected at shorter time intervals, such as 5-minute precipitation
and discharge. The WATSTORE system also has statistical, plot, and update
capabilities that allow users to inspect and edit data.

The data-handling subroutines within the model do not access data direct-
ly from the WATSTORE system. The data-set organization required for use in
the model is an indexed sequential (ISAM) file containing both daily- and
unit-values data. A cataloged procedure, GENDISK, is available to read
sequential files containing standard WATSTORE daily- and unit-values records
and create the model-compatible ISAM file. Data contained in the WATSTORE
system are made available to GENDISK by executing standard daily- and unit-
values retrieval programs. The ISAM file may contain more data than are
needed for any particular model run, since the data-handling subroutines
within the model will automatically select the years and events reguested on
the model control cards. However, if more data than are initially included in
the ISAM file are required, the file must be recreated, since additions cannot
be made to it.

System Library

The system library is the core of the PRMS. It contains all the compati-
ble subroutines that can be used in system-defined or user-defined combina-
tions to simulate the hydrologic cycle. The structure of the library and its
subroutines is based on two model-design concepts. The first is that a MAIN
program will be used as a central point for time and computational sequence
control. Timing control maintains day, month, and year variables and incre-
ments them as required. Sequence control establishes the framework in which
the sequence of various model functions will be performed. These functions
are performed by calls to appropriate library subroutines. The timing and
sequence functions are discussed in more detail in subsequent sections. The
second corcept is that each subroutine represents one component of the hydro-
logic cycle and is designed to be as independent as possible from other
component subroutines. The necessary transfer of information between subrou-
tines is done using COMMON statements.

The PRMS 1library is composed of both a source-module Tibrary and a load-
module library. The source-module library contains the FORTRAN coded subrou-
tines. The load-module library consists of the compiled subroutines ready for
linkage editing into a complete program. Instructions for obtaining a copy of
the source-module library are given in attachment V.

The 1library provides the user several options in model development and
application. One option is the use of the cataloged procedure PRMOCDEL, which
is the compilation of the complete model system. A second option would be to
compile a new model using the System MAIN program with a combination of
library- and user-supplied subroutines. A third option would be for the user
to write his own MAIN program and use a combination of 1library- and
user-supplied subroutines. This manual primarily is directed to the first
option. However, the last two options are discussed in detail in the System
Modification section.



Qutput

The output component provides the user with several options for analyz-
ing, displaying, and storing model simulation results. Options include
various printed summaries, printer plots of observed and predicted streamflow
and sediment, and storage of observed and predicted streamflow for use with
PRMS 1ibrary, WATSTORE, Statistical Analysis System (SAS) (SAS Institute
Inc., 1982), or user-written analysis programs. Desired outputs are specified
in the data input stream.

Printed output options range from a table of predicted and -observed
streamflow values to annual, monthly, daily, or storm-event streamflow summa-
ries. Annual, monthly, or daily summaries aliso are available for major
climate and water-balance elements. These detailed summaries are available
both for the total basin and for each individual HRU.

Predicted mean daily streamflow data can be stored by water year as a
permanent file for further processing and analysis. Two record formats are
available for data storage. One is the standard WATSTORE daily-value format,
which permits the use of WATSTORE and SAS analysis programs. The second
format option is designed for PRMS library and user-written analysis programs.
It contains only the water-year date and 366 data values.

The output component is discussed in more detail in the System Output
section. Examples of the output options are shown in the System Output
section and in the samplie model runs in attachment II.

SYSTEM CONCEPTS

The objectives established to guide the design and development of PRMS
were that PRMS should:

1. Simulate mean daily flows and shorter time-interval stormflow
hydrographs for any combination of precipitation, climate, and
land use.

2. Provide model-modification capabilities to permit specific user

requirements or limitations to be incorporated.

Provide capabilities for system enhancement and expansion.

Provide error and sensitivity-analysis capabilities.

Provide a data-management capability that is compatible with the

U.S. Geological Survey WATSTORE system, but adaptable to other
computer systems.

g F W

A modular system design was selected to provide the desired flexibility and
data-management capabilities, and to allow incorporation of user-specific
requirements.

The major component of PRMS is the system library. The use of models or
components from the library requires an understanding of the basic concepts
used in its design and development. These include the conceptual model of the
watershed system, the partitioning scheme used to provide distributed-
parameter modeling capabilities, the time basis of model operation, and the
interface between daily flow and stormflow hydrograph-generation components.



Conceptual Watershed System

The watershed system and its inputs are schematically depicted in
figure 2. System inputs are precipitation, air temperature, and solar radia-
ion. Precipitation in the form of rain, snow, or a mixture of both is reduced
by interception and becomes net precipitation delivered to the watershed
surface. The energy inputs of temperature and solar radiation drive the pro-
esses of evaporation, transpiration, sublimation, and snowmelt. The watershed
system is conceptualized as a series of reservoirs whose outputs combine to
produce the total system response.

The 1impervious-zone reservoir represents an area with no infiltration
capacity. The reservoir has a maximum retention storage capacity (RETIP)
which must be satisfied before surface runoff (SAS) will occur. Retention
storage is depleted by evaporation when the area is snow free.

The soil-zone reservoir represents that part of the soil mantle that can
lose water through the processes of evaporation and transpiration. Average
rooting depth of the predominant vegetation covering the soil surface defines
the depth of this zone. Water storage in the soil zcne is increased by
infiltration of rainfall and snowmelt and depleted by evapotranspiration.
Maximum retention storage occurs at field capacity; minimum storage (assumed
to be zero) occurs at wilting point. The soil zone is treated as a two-
layered system. The upper layer is termed the recharge zone and is user-
defined as to depth and water-storage characteristics. Losses from the
recharge zone are assumed to occur from evaporation and transpiration; losses
from the lower zone occur only through transpiration.

The computation of infiltration into the soil zone is dependent on
whether the input source is rain or snowmelt. A1l snowmelt is assumed to
infiltrate until field capacity is reached. At field capacity, any additional
sncwmelt 1is apportioned between infiltration and surface runoff. At field
capacity the soil zone is assumed to have a maximum daily snowmelt infiltra-
tion capacity, SRX. All snowmelt in excess of SRX contributes to surface
runoff. Infiltration in excess of field capacity (EXCS) first is used to
satisfy recharge to the ground-water reservoir (SEP). SEP is assumed to have
a maximum daily limit. Excess infiltration, available after SEP is satisfied,
becomes recharge to the subsurface reservoir. Water available for infiltra-
tion as the result of a rain-on-snow event is treated as snowmelt if the
snowpack is not depleted, and as rainfall if the snowpack is depleted.

For rainfall with no snowcover, the volume infiltrating the soil zone is
computed as a function of soil characteristics, antecedent soil-moisture
conditions, and storm size. For daily-flow computations, the volume of rain
that becomes surface runoff is computed using a contributing~area concept.
Daily infiltration is computed as net precipitation less surface runoff . For
stormflow~hydrograph generation, infiltration is computed using a form of the
Green and Ampt equation (Philip, 1954). Surface runoff for these events is
net precipitation less computed infiltration. Infiltration in excess of field
capacity is treated the same as daily infiltration.
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The subsurface reservoir performs the routing of soil-water excess that
percolates to shallow ground-water zones near stream channels or that moves
downslope from point of infiltration to some point of discharge above the
water table.  Subsurface flow (RAS) is considered to be water 1in the
saturated-unsaturated and ground-water zones that is available for relatively
rapid movement to a channel system. The subsurface reservoir can be defined
either as linear or nonlinear.

Recharge to the ground-water reserveir can occur from the soil zone (SEP)
and the subsurface reservoir (GAD). SEP has a daily upper 1imit and occurs
only when field capacity is exceeded in the soil zone. GAD is computed daily
as a function of a recharge rate coefficient (RSEP) and the volume of water
stored in the subsurface reservoir. The ground-water reservoir is a linear
reservoir and is the source of all baseflow (BAS). Movement of water through
the ground-water system to points beyond the area of interest or measurement
can be handled by flow to a ground-water sink (GSNK) which is computed as a
function of storage in the ground-water reservoir.

Streamflow is the sum of SAS, RAS, and BAS. For daily flow simulations,
no channel routing is done.

Watershed Partitioning

The distributed-parameter modeling capability is provided by partitioning
a watershed into "homogeneous" units. Watershed partitioning can be done on
the basis of characteristics such as slope, aspect, elevation, vegetation
type, soil type, and precipitation distribution. Each watershed unit delin-
eated is considered to be homogeneous with respect to these characteristics.
Partitioning provides the ability to account for spatial and temporal varia-
tions of basin physical and hydrologic characteristics, climatic variables,
and system response. It also provides the ability to impose land-use or
climatic changes on parts or all of a basin. Evaluation can then be made cf
the impacts of such changes on the hydrology of each unit and the total
basin.

Two levels of partitioning are available. The first level divides the
basin on the basis of some or all of the physical characteristics mentioned
above. The resulting units are called hydrologic response units (HRU's), and
each is considered homogenecus with respect to its hydrologic response. A
water balance and an energy balance are computed daily for each HRU. The sum
of the responses of all HRU's, weighted on a unit-area basis, produces the
daily system response and streamflow from a basin.

The conceptual watershed system shown in figure 2 could be defined for
each HRU. However, for most small watersheds, one soil-zone reservoir is
defined for each HRU, while one ground-water reservoir is defined for the
entire watershed. One or more subsurface reservoirs are defined, depending on
variations in soils and geology.

PRMS will handle a maximum of 50 HRU's. The number and location of HRU's
for any given basin are a function of the number of physical characteristics
used in the partitioning scheme, the number and Tocation of precipitation



gages available, and the problem to be addressed by the model. There are no
hard and fast rules for partitioning currently available; this is an area to
be addressed by further research. However, the number of HRU's delineated
will influence the calibration fit of many of the model components (Leavesliey
and Striffler, 1978). A general rule of thumb currently used for daily-flow
computations for most problems is not to create HRU's smaller than 4 to 5
percent of the total basin area. Exception would occur if an area smaller
than this would have signiTicant influence on streamflow or on general basin
hydrology. A common tendency is to overpartition. Therefore, it is recom-
mended that test runs be made at a few levels of partitioning to get a feel
for the influence of the numbers of HRU's on model daily-flow response.

A second level of partitioning is available for storm hydrograph simula-
tion. The watershed can be conceptualized as a series of interconnected
flow-planes and channel segments. Surface runoff is routed over the flow
planes into the channel segments; channel flow is routed through the watershed
channel system. An HRU can be considered the equivaient of a flow plane, or
it can be delineated into a number of flow planes. Delineation of a basin
into 6 overland flow planes and 3 channel segments is shown in figure 3.
Overland flow planes have a width equal to the adjacent channel segment, and
-an equivalent length which, when multiplied by the width, gives the area of
the natural basin segment. PRMS will handle a total of 50 overland flow plane
and 50 channel segments.

Daily and Storm Modes

A model selected or developed from the PRMS library can simulate basin
hydrology on both a daily and a storm time scale. The daily mode simulates
hydrologic components as daily average or total values. Streamflow is comput-~
ed as a mean daily flow. The storm mode simulates selected hydrologic compo-
nents at time intervals shorter than a day. The minimum time interval is 1
minute. The storm mcde is used to compute infiltration, surface-water runoff,
and sediment yield from selected rainfall events.

Data required for daily simulations are input to the model 1 water year
at a time. Included in the input are the dates of storm periods within the
water year, where data are available for rainfall-runoff simulations. The
model operates in a daily mode until it reaches one of_these dates. It then
shifts to the storm mode and inputs the data available for that date. A
stormflow hydrograph and sediment-concentration graph can be simulated for
that day at a time interval selected by the user. At the end of the storm
day, control is returned to selected daily components for updating to insure
storm- and daily-mode compatibility and to compute mean daily streamflow. If
the storm period is more than 1 day in length, then control returns to the
storm mode and another day of data is input. Subsequent storm days of data
are read and used in this manner until the storm pericd terminates. The model
then returns to the full daily-mode sequence.

Summaries can be output both for daily and for storm simulations. Daily
mode computations can be summarized on a daily, monthly, and annual basis.
Storm-mode computations can be summarized for the full storm period and at a
user-selected time interval.
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Figure 3.--Flow-plane and channel-segment delineation of a basin.
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The daily mode keeps account of days using a day-month-year scheme and
three numerical sequencing indices that number days of the year from 1 to 365
or 366. One numerical index is the Julian date. This numbers the days of the
year beginning on January 1. A water-year date index also is used; it begins
day 1 on October 1. The third numerical index is the solar date. Day 1 begins
on December 22, which 1is the winter solstice, or the date oT receipt of
minimum potential solar radiation.

THEORETICAL DEVELOPMENT OF SYSTEM LIBRARY COMPONENTS

Meteorologic Data

The meteorologic data components take temperature and solar radiation
data from one station and precipitation data from up to 5 gages and adjust
these data for each HRU. Adjustment factors are computed as functions of the
differences in elevation, siope, and aspect between the measuring station and
each HRU. Local and regional climate and precipitation data are the sources
for the development of these adjustment factors.

Temperature

Observed daily maximum (TMX) and minimum (TMN) air temperatures are
adjusted to account for differences in elevation and slope-aspect between the
climate station and each HRU. Air-temperature data can be input either in
Fahrenheit (°F) or in Celsius (°C), but these data must be consistent through-
out a simulation. Al]l temperature variables and parameters must be in the
same units as the temperature data. A1l daily maximum, minimum, and mean
air-temperature computations are made in subroutine TEMP.

A correction factor (TCRX) for adjusting TMX for each HRU is computed
each month (MO) by:

TCRX(MO) = [TLX(MO) * ELCR] - TXAJ (1)
where

TLX 1is the maximum temperature lapse rate, in degrees per 1,000 feet
change in elevation for month MO;

ELCR is the mean elevation of an HRU minus the elevation of the climate
station, in 1,000's of feet; and

TXAJ is an average difference in maximum air temperature between a
horizontal surface and the slope-aspect of an HRU.

A correction factor [TCRN(MO)] for adjusting TMN for each HRU 1is computed
monthly with an equation of the same form as equation 1, using the monthly
minimum temperature lapse rate [TLN(MO)] and minimum temperature slope-aspect
correction (TNAJ).

Adjusted daily maximum air temperature (TM) for each HRU is computed by:

™ = TMX =~ TCRX(MO) (2)

12



Adjusted daily minimum air temperature (TN) for each HRU is computed using an
equation of the same form as equation 2 and the variables TMN and TCRN(MO).

Precipitation
Total daily precipitation depth (PPT) received on an HRU is computed by:
PPT = PDV * PCOR (3)
where

PDV is the daily precipitation depth observed in the precipitation
gage associated with the HRU, in inches (in.), and
PCOR is the correction factor for the HRU.

A maximum of five gages can be used to define the spatial and temporal varia-
tion of precipitation on a watershed. Each HRU is associated with one of the
available gages by the precipitation gage index KDS. A PCOR value is defined
for each HRU and relates to the gage specified by KDS. PCOR accounts for the
influences of elevation, spatial variation, topography, and gage-catch effi-
ciency. Different values of PCOR can be specified for different precipitation
forms and time scales of measurement--DRCOR for daily rainfall, DSCOR for
daily snowfall, and UPCOR for storm-mode rainfall. In some geographic and
climatic regions, the influence of elevation on precipitation voliume varies
seasonally with general storm patterns (Barry, 1972). Frontal origin storms
may show a strong elevation effect, while convective storms may show little
elevation effect. If DRCOR and DSCOR include strong elevational influence,
they can be overridden for a period of time to account for these seasonal
changes. A1l HRU values of DRCOR are replaced by a single constant value
PCONR and all vaiues of DSCOR are replaced by a constant value PCONS. The
override period is user-specified to begin on the first day of month MPCS and
end on the first day of month MPCN.

Precipitation form (rain, snow, or mixture of both) on each HRU is
estimated from the HRU maximum (TM) and minimum (TN) daily air temperatures
and their relationship to a base temperature (BST) (Willen and others, 1971).
Precipitation is all snow if TM is less than or equal to BST, and all rain if
TN is greater than BST. If TM is greater than BST and TN is less than BST,
then the part of the total precipitation occurring as rain (PRMX) is computed
by: TM - BST

PRMX = g * AJMX(MO) (4)

where

AJMX is a monthly mixture adjustment coefficient for month MO. For mixed
events, rain is assumed to occur first.
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The mixture algorithm can be overridden in two ways. One is the use of
variable PAT. PAT is an air-temperature value which, when exceeded by TM,
forces all precipitation to be rain, regardless of the TN value. This capa-
bility permits accounting for convective rainfall during spring, when minimum
daily temperatures are below BST. PAT is user-specified for each month. The
second override is used when the form of precipitation is known by the user.
Precipitation form then can be specified, using the snow and rain data cards
(Card Group 5). These cards designate the Julian dates in each water year
that are to be considered all snow or all rain.

A11 of the computations described above are made in subroutine PRECIP.
One additional subroutine, PKADJ, is available for adjusting precipitation
input. For snow, gage-catch deficiencies of about 45 to 70 percent can be
expected at wind speeds of 10 to 20 miles per hour (Larson and Peck, 1974).
To account for gage-catch deficiencies, PKADJ provides the capability of
adjusting the snowpack water equivalent on each HRU, based on snowcourse data
from each HRU or an index snowcourse. This adjustment option is available
only once each year; therefore, it is best used near the anticipated date of
maximum snowpack accumulation.

Solar Radiation

Observed daily shortwave radiation (ORAD) expressed in langleys per day
(ly/d) is used in snowmelt computations and can be used in evapotranspiration
computations. ORAD 1is an optional input for areas with no snowmelt. For
areas where snowmelt will be simulated, ORAD can be input directly or estimat-
ed from daily air-temperature data for watersheds where it is not available.
A1l solar radiation computations are made in subroutines SOLRAD and SOLTAB.

ORAD, measured on a horizontal surface, is adjusted to estimate SWRD, the
daily shortwave radiation received on the slope-aspect combination of each
HRU. SWRD is computed by:

DRAD

SWRD = ORAD * TORAD (5)

where

DRAD is the daily potential solar radiation for thz slope and aspect
of an HRU (1y), and

HORAD is the daily potential solar radiation for a horizontal
surface (ly).

DRAD and HORAD are linearly interpolated from a tabie of 13 potential solar
radiation values (RAD), which are calculated for each slope-aspect combination
and the horizontail surface. Because of the symmetry of the solar year, these
13 values represent potential solar radiation for 24 dates throughout the
year. The 13 dates and date pairs are listed in table 1. Table values are
computed in subroutine SOLTAB using a combination of methods described in
Frank and Lee (1966) and Switt (1976).
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Table 1.--Sequence number and dates of the 13 potential solar radiation
values for each slope-aspect combination

Sequence

No. Date(s)
e December 22
e January 10, December 3
Jmmmmmmm s e January 23, November 19
fo-mmmmmmmmmmm e o mm s oo February 7, November 5
Smmmmmmmmmm s smmm s o s s oo February 20, October 22
f-==mm-mmmomommmmmmsoeooooeeo March 7, October 8
Jmmmmmmmmm e e March 21, September 23
ittt April 4, September 9
ittt April 19, August 25
10--======mmmmmmm e May 3, August 10
1l--=-==mmmmmmmmmm e m oo e May 18, July 27
12-===mmmmmmmm e e e e June 1, July 12
13--====mmmmmmm e e e June 22

For missing days or periods of record, ORAD can be estimated from air-
temperature data. One of two procedures can be selected using variable MRDC.
The first is a modification of the degree-day method described by Leaf and
Brink (1973). This method was developed for a section of the Rocky Mountain
Region of the United States. It appears most applicable to this region of the
country, where predominantly clear skies prevail on days without
precipitation.

The method is shown graphically in the coaxial relation of figure 4. A
daily maximum temperature is entered in the X-axis of part A and intersects
the appropriate month curve. From this intersection point, one moves horizon-
tally across the degree-day coefficient axis and intersects the curve in part
B. From this point, the ratio of actual-to-pctential radiation for a horizon-
tal surface (SOLF) can be obtained. An estimate of ORAD is then computed by:

ORAD = SOLF * HORAD. (6)

The ratio SOLF is developed for days without precipitation; thus, the computed
ORAD is for dry days. ORAD for days with precipitation is estimated for the
period September through April by multiplying the ORAD from equation 6 by a
user-defined constant PARW. For days with precipitation in the months May
through August, ORAD is adjusted using PARS in place of PARW.

The input data required to use this procedure are the slope (RDM) and the

y-intercept (RDC) of the line that expresses the relationship between monthly
maximum air temperature and a degree-day coefficient (DD). Estimates
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of PARW and PARS also are required. DD is computed by:
DD = (RDM * TMX) + RDC (7

where TMX is the observed daily maximum air temperature. The DD-SOLF rela-
tionship of figure 4 is assumed constant.

Monthly values of RDM and RDC can be estimated from historic air- temper-
ature and solar-radiation data. One method is to make monthly plots of TMX
versus their daily degree-day cocefficients, DD, for days without precipita-
tion. The DD values for this plot are computed using figure 4 and the daily
SOLF ratios computed from historic data. A set .of monthly lines then can be
drawn through these points either visually or with linear- regression tech-
niques. A more rapid and coarse procedure is to establish two points for each
monthly 1ine using some average values. One pcint for each month is estimated
using the average SOLF and average maximum temperature for days without
precipitation. The second point is estimated using the maximum observed
temperature for each month and a DD value of 15. Using this second procedure,
curves shown in part A of figure 4 were estimated for a region in northwest
Colorado. Estimates of PARW and PARS are obtained from the radiation record.
PARW is the ratio of SOLF for days with precipitation to days without precipi-
tation over the September through April period. PARS is the ratio of SOLF for
days with precipitation to days without precipitation over the May through
August period. .

The second procedure for estimating missing data uses a relationship
between solar radiation and sky cover developed by Thompson (1976) and a
relationship between sky cover and a daily range in air temperature demon-
strated by Tangborn (1978). This procedure appears applicable to the more
humid regions of the country where extensive periods of cloud cover occur with
and without precipitation. Daily sky cover (SKY) is computed bhy:

SKY = [RDM(MO) * (TMX-TMN)]1 + RDC(MO) (8)
where

RDM is the slope of the sky cover-daily air temperature range
relationship for month MO,

TMX is observed maximum air temperature,

TMN is observed minimum air temperature, and

RDC is the intercept of the sky-cover daily air-temperature
range relationship for month MO.

This SKY value is used to compute an estimate of the ratio (RAJ) of ORAD to
potential clear-sky radiation by:

RAJ = RDB + (1.-RDB) * [(1.-SKY)**RDP] (9)
where

RDB is the B value obtained from Thompson (1976) figure 1, and
RDP is a parameter, suggested to be 0.61 (Thompson, 1976).
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For days with precipitation, RAJ is multiplied by PARS (May through August) or
PARW (September through April). An upper 1imit on RAJ is specified by the
parameter RDMX. ORAD is then computed by:

ORAD = RAJ * HORAD (10)

Both ORAD estimation procedures are relatively coarse, but appear to work
reasonably well. They normally are used to fill in days of missing data.
However, where radiation data are unavailable, they have produced reasonable
results when used to generate entire periods of solar-radiation record. 1In
such cases, the nearest climate station with radiation and air-temperature
data is used to estimate RDM and RDC values. If there is a large difference
in elevation between the climate station on the watershed and the station with
radiation data, the air-temperature data associated with the radiation data
are adjusted to the study-basin elevation.

Impervious Area

Impervious area can be treated in one of two ways. If it exists as
large, contiguous areas, then it can be designated as one or several totally
impervious HRU's. If it is of significant area but scattered throughout the
pervious areas of a watershed, then impervious area can be expressed as
composing a percentage of an otherwise pervious HRU. Interception is assumed
not to occur on impervious areas. Therefore, input to impervious areas is
total precipitation. Impervious surface 1is assigned a maximum retention
storage capacity (RETIP). Available retention storage (RSTOR) is depleted by
evaporation. Surface runoff from impervious areas is delivered directly to
the channel network and occurs only after RETIP is filled.

Interception

Interception of precipitation is computed as a function of the cover
density and the storage available for the predominant vegetation on an HRU.
Net precipitation (PTN) is computed by:

PTN = [PPT * (1.-COVDN)] + (PTF * COVDN) (11)
where
PPT is the total precipitation received on an HRU (in.),
COVDN is the seasonal cover density, and
PTF is the precipitation falling through the canopy (in.).
COVDN is defined for summer (COVONS) and winter (COVDNW). PTF is computed by:

PTF
PTF

PPT - (STOR-XIN) PPT > (STOR - XIN) (12}
0.0 PPT < (STOR - XIN)

HH

where

STOR is the maximum interception storage depth
on vegetation (in.), and
XIN is the current depth of interception storage (in.).
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STOR is defined by season and precipitation form--winter snow (SNST), winter
rain (RNSTW), and summer rain (RNSTS). When rain falls on intercepted snow,
STOR changes from SNST to the seasonal rain-storage value. Any snow in
storage that exceeds the new rain-storage value is added to throughfall PTF.
When snow falls on intercepted rain, STOR changes to SNST and currently
available rain interception is used to satisfy SNST. Intercepted rain in
excess of SNST is added to PTF. SNST generally is considered to be greater
than or equal to RNSTW. PTF and XIN are computed in subroutine PRECIP for
daily-precipitation events, and in subroutine UNITD for storm events.

Intercepted rain is assumed to evaporate at a free-water surface rate
(EVCAN). If pan-evaporation data are used, then EVCAN equals the pan Toss.
If potential evapotranspiration (PET) is computed from meteorologic variables,
EVCAN is computed by:

PET

EVCAN = m')- (13)

where EVC is the evaporation-pan coefficient for month MO. Sublimation of
intercepted snow (SUBCAN) is assumed to occur at a rate that is expressed as a
percentage (CTW) of PET. In addition to sublimation, intercepted snow can be
removed from the canopy by melting. An energy balance is computed for a
12-hour period (assumed 0600 to 1800). If the energy balance is zero or
negative, no melt occurs. When the energy balance is positive, all melt is
delivered to the snowpack or soil surface as net precipitation.

Actual daily 1loss from interception (XINLOS) is equal to the smaller
value of storage XIN or loss rates, EVCAN or SUBCAN. If XIN is not depleted
in 1 day, the remainder is carried over to the next day. XINLOS, as computed
above, represents loss from the percentage of HRU area expressed in the cover
density parameters COVDNS or COVDNW. For water balance computations, XINLOS
is adjusted to represent an HRU average value. XINLOS is computed in subrou-
tine INTLOS in the daily mode and in subroutine UNITD in the storm mode.

Soil-Moisture Accounting

Soil-moisture accounting is performed as the algebraic summation of all
moisture accretions to, and depletions from, the active soil profile. Deple-
tions include evapotranspiration and recharge to the subsurface and ground-
water reservoirs. Accretions are rainfall and snowmelt infiltration. The
depth of the active soil profile is considered to be the average rooting depth
of the predominant vegetation on an HRU. The maximum available water-hoiding
capacity of the soil zone (SMAX) is the difference between field capacity and
wilting point of the profile. The active soil profile is divided into two
layers. The upper layer is termed the recharge zone and the lower layer is
termed the lower zone. The recharge zone is user-definable as to depth and
maximum available water-holding capacity (REMX). The maximum available
water-holding capacity (LZMX) of the 1lower zone is the difference between
SMAX and REMX. Losses from the recharge zone occur from evaporation and
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transpiration; they occur only as transpiration from the Tlower zone.
Evapotranspiration losses occur at a rate that is a function of available
soil-moisture storage. The attempt to satisfy potential evapotranspiration is
made first from the recharge zone. Soil-moisture accretions must fill the
recharge zone storage before water will move to the Jlower zone. When
soil-zone storage reaches SMAX, all additional infiltration is routed to the
subsurface and ground-water reservoirs.

Soil-moisture accounting for daily computations 1is done in subroutine
SMBAL. Accounting computaticns for storm-event periods are done in subroutine
UNITD.

Evapotranspiration

Daily estimates of potential evapotranspiration (PET) are computed in
subroutine PETS. Three computation procedures are available. Procedure
selection is made, wusing variable IPET. The first procedure uses daily
pan-evaporation data. PET (in./day) is computed by:

PET = EPAN * EVC(MO) (14)
where

EPAN is daily pan-evaporation loss, (in.), and
EVC is a monthly pan-adjustment coefficient for month MO.

A second procedure computes PET as a function of daily mean air tempera-
ture and possible hours of sunshine (Hamon, 1961). PET (in./d) is computed

by:
PET = CTS(MO) * DYL2 * VDSAT {(15)
where

CTS is a coefficient for month MO,

DYL is possible hours of sunshine, in units of 12 hours, and

VDSAT is the saturated water-vapor density (absolute humidity) at
the daily mean air temperature in grams per cubic meter (g/m3).

VDSAT is computed by (Federer and Lash, 1978):

VPSAT (16)

VDSAT = 216.7 * waye + 273.3)

where

VPSAT is the saturated vapor pressure in millibars (mb) at TAVC, and
TAVC is the daily mean air temperature (°C).
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VPSAT is computed by (Murray, 1967):

TAVC

= * F3
VPSAT = 6.108 * EXP [17.26939 CTAVC + 237.3) 1 (17)

Hamon (1961) suggests a constant value of 0.0055 for CTS. Other investigators
(Leaf and Brink, 1973; Federer and Lash, 1978) have noted that 0.0055 underes-
timated PET for some regions. Limited experience also has shown that a
constant annual value underestimates PET for winter months more than summer
months. Therefore, the ability to vary CTS by month is provided. DYL will
vary with time of year and HRU slope and aspect. A set of day-iength values
(SSH) 1in hours is computed in subroutine SOLTAB for 13 specified date-pairs
throughout the year (table 1) for each solar-radiation plane. Each SSH value
is divided by 12 to compute its associated DYL value. Daily DYL values are
interpolated from the 13 DYL values in subroutine SOLRAD.

The third procedure is one developed by Jensen and Haise (1963). PET
(in./d) is ‘computed by:

PET = CTS(MO) * (TAVF-CTX) * RIN (18)
where

CTS is a coefficient for the month MO,

TAVF is the daily mean air temperature (°F),

CTX is a coefficient, and

RIN is daily solar radiation expressed in inches of evaporation
potential.

As with the Hamon procedure, the Jensen-Haise procedure also tends to
underestimate winter month PET. Therefore, the ability to change CTS by month
is provided. For the warmer months of the year, constant values for CTS and
CTX can be estimated using regional air temperature, elevation, vapor pres-
sure, and vegetation data (Jensen and others, 19639). For aerodynamically
rough crops, which are assumed to include forests, CTS is computed for the
watershed by: -1
CTS = [C1l + (13.0 * CH)] (19)

where

Cl is an elevation correction factor, and
CH is a humidity index.

Cl is computed by:

Cl = 68.0 - [3.6 * (—1“%]3—0““ (20)

where

E1l is the median elevation of the watershed (ft).
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CH is computed by: 50

CH = (e2 - el

) (21)

where

e, is the saturation vapor pressure (mb) for the mean maximum air
temperature for the warmest month of the year, and

e is the saturation vapor pressure (mb) for the mean minimum
air temperature for the warmest month of the year.

CTX is computed for each HRU by: -

E2
1,000

CTX = 27.5 - 0.25 * (e2 - el) - ( ) (22)

where
E2 is the median elevation of the HRU (ft).

Actual evapotranspiration (AET) is the computed rate of water loss which
reflects the availability of water to satisfy PET. When available water is
nonlimiting, AET equals PET. PET is first satisfied from interception stor-
age, retention storage on impervious areas, and evaporation/sublimation from
snow surfaces. Remaining PET demand then is applied to the soil-zone storage.
AET 1is computed separately for the recharge zone and the lower zone using the
unsatisfied PET demand and the ratio of currently available water in the soil
zone to its maximum available water-holding capacity. For the recharge zone

RECHR . SMAV
REMX” For the lower zone the ratio SMAR

this ratio is is used. AET computed

for the recharge zone is used first to satisfy PET; any remaining demand is
attempted to be met by AET from the lower zone. HRU soils are designated as
being predominantly sand, loam, or clay, using variable ISOIL. The AET-PET
relations for these soil types as a function of the soil-water ratio are shown
in figure 5 (Zahner, 1967). AET computations are done in subroutine SMBAL.

The time of the year in which transpiration occurs is specified as a
period of months between ITST and ITND, which are the starting (ITST) and
ending (ITND) months of the transpiration period. The specific date of the
start of transpiration is computed for each HRU-using the temperature- index
parameter TST. For each HRU, the sum of the daily maximum air temperatures is
accumuiated, starting with the first day of month ITST. When the sum for an
HRU exceeds TST, transpiration is assumed to begin on that HRU. This tech-
nique permits accounting in part for warmer- or colder-than-normal spring
periods. Transpiration is assumed to stop on the first day of ITND.

~
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Infiltration

Infiltration computations vary depending on the time interval and the
form of the precipitation input. For daily rainfall occurring on a snow-fres
HRU, infiltration is computed as the difference between net rainfall computed
in subroutine PRECIP and surface runoff computad in subrcutine SRFRO. For
snowmelt, infiltration 1is assumed nonlimiting until the soil reaches field
capacity. Once field capacity is reached, a user-defined daily maximum
infiltration capacity (SRX) 1limits the daily-infiltration volume. Any
snowmelt in excess of SRX becomes surface runoff. For rain-on-snow, the
resulting water available for infiltration is treated as snowmelt if the
snowpack is not depleted. If the snowpack is depleted, then the rain and
snowmelt are treated as rain on a snow-free surface.

Storm-mode computations are made only for rainfall and only when the
basin is snow free. Infiltration during storms is computed in subroutine
UNITD, using a variation of the Green-Ampt equaticn (Green and Ampt, 1911).
Net rainfall (PTN) reaching the soil surface is ailocated to rainfall excess
(QR) and infiltration (FIN), either at the user-specified time interval or at
5 minutes, whichever is less. Point-infiltration capacity (FR) is computed
as:

FR = KSAT * (1.0 + (23)

ng)

where

KSAT is hydraulic conductivity of the transmission zone in
inches per hour,

PS is effective value of the product of capillary drive
and moisture deficit (in.), and

SMS is the current value of accumulated infiltration (in.).

RECHR
PS is varied linearly as a function of the ratio REMX over the range from
PSP, the value of the product of capillary drive and moisture deficit at
field capacity, to a maximum vaiue, RGF times PSP, expressed as:

RECHR

PS = PSP * [RGF - (RGF-1) * (rgp)],

(24)
where
RECHR is the current moisture storage in the recharge zone of
the soil profile (in.), and

REMX is the maximum moisture storage in the recharge zone
of the soil profile (in.).
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This relationship is shown in figure 6. Net infiltration FIN then is com-
puted, assuming that infiltration capacity varies linearly from zero to FR
(fig. 7). Thus, FIN is computed as:

FIN = PTN - TR PTN < FR (25)
FIN = % otherwise.

Rainfall excess (QR) is simply the net rainfall minus net infiltratien
QR = PTN - FIN. (26)

Increments of rainfall excess are stored in the array UPE(1440) to be avail-
able for subsequent overland-flow computations. Net infiltration enters the
recharge zone and 1is accumulated in the variable SMS for the purpose of
computing point infiltration in equation 23. During periods when net rainfall
is equal to zero, SMS is reduced at a rate which is computed by a factor DRN
times KSAT. SMS also 1is depleted by evapotranspiration during zero net
rainfall periods.

In both daily and storm-mode computations, all infiltration in excess of
SMAX is routed to the subsurface and ground-water reservoirs. The excess
first is used to satisfy the maximum ground-water recharge rate SEP, and the
remainder is routed to the subsurface reservoir.

Surface Runoff

The computation of surface runoff varies wfth the computation time mode
and source of runoff. Daily mean surface runoff is computed in subroutines
SMBAL and SRFRO. Surface runoff for storms is computed in subroutine UNITD.

Daily Mode

Surface runoff from snowmelt is computed only on a daily basis. Snowmelt
runoff from pervious areas is assumed to occur only when the scil zone of an
HRU reaches field capacity. At field capacity, a daily maximum infiltration
rate (SRX) is assumed. Any daily snowmelt in excess of SRX becomes surface
runoff. For impervious areas, snowmelt first satisfies availabie retention
storage, and the remaining snowmelit becomes surface runoff. Available reten-
tion storage is computed by subtracting current-retention storage (RSTOR) from
maximum-retention storage (RETIP). RSTOR is depleted by evaporation after the
sncwpack melts. Snowmelt generated by rain on a snowpack is treated as all
snowmelt, if the snowpack is not depleted by the rain. If rain totally
depletes a snowpack, the resulting rain and snowmelt mix is ireated as if it
were all rain on a snow-free HRU.

Daily surface runoff from rainfall on pervious snow-free HRU's is
computed using a contributing-area concept (Dickinson and Whiteley, 1970;
Hewlett and Nutter, 1970). The percent of an HRU contributing to surface
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Figure 6.--The relation that determines the value of the product of
capillary drive and moisture deficit (PS) as a function of soil-
moisture content.
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runoff can be computed as either a linear or a nonlinear function of antece-
dent soil moisture and rainfall amount. In the linear relationship, the
contributing area (CAP) expressed as a decimal fraction of the total HRU area
is computed by:

RECHR 2

CAP = SCN + [(SCX-SCN) * (Efﬁi—)] 27)

where

SCN is the minimum possible contributing area,

SCX is the maximum possible contributing area,

RECHR is the current available water in the soil recharge
zone {in.), and

REMX is maximum storage capacity of the recharge zone (in.).

Surface runoff (SRO) then is computed by:
SRO = CAP * PTN (28)
where
PTN is the daily net precipitation (in.).

The nonlinear scheme uses a moisture index (SMIDX) similar to that
developed by Dickinson and Whiteley (1970) for estimating CAP. CAP is comput-
ed by:

CAP = SCN * 10.**(SC1l * SMIDX) (29)
where

SCN and SC1 are coefficients,
SMIDX is the sum of the current available water in the soil
zone (SMAV) plus one-half of the daily net precipitation (PTN).

A maximum CAP is specified using variable SCX. SRO then is computed using
equation 28.

Estimates of SCX, SCN, and SCl and direct-surface runoff can be made from
observed runoff and soil-moisture data. Where soil-moisture data are not
available, estimates of soil-moisture values can be obtained from preliminary
model runs. A regression of log CAP versus SMIDX can be done for these data
to determine the coefficients:

log CAP = a + b * SMIDX (29a)
then

SCN=10. **a,
SC1=b, and
SCX is a maximum value of CAP.
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An example of a CAP versus SMIDX plot for Blue Creek, Ala., and the fitted
equation for CAP are shown in figure 8. The soil-mcisture values used in
computing SMIDX were obtained from preliminary model runs.

Daily surface runoff from impervious areas is computed using total daily
precipitation (PPT). Available retention storage, computed as above, first is
satisfied, and the remaining PPT becomes runoff.

Storm Overland Flow

Surface runoff for storm-mode simulation is computed using the kinematic
wave approximation to overland flow. Overland flow computations on pervious
areas are performed using the rainfall excess computed using equation 26 as
inflow. Impervious areas use the observed rainfall trace as inflow. An HRU
can be considered a single overland flow plane, or it can be divided into 2 or
more flow planes to account for variations in slope and surface roughness.
A11 flow planes must discharge to a channel segment; cascading flow planes are
not permitted. A1l flow planes delineated on an HRU use the same rainfall
excess trace. The partial differential equation to be solved for each over-
land flow-plane segment is:

~—+g—q=re (30)

where

h is the depth of flow (ft),

q is the rate of flow per unit width in cubic feet per
second per foot (ft3/s/ft),

re is the rate of rainfall excess infiow (ft/s),

t is time (s), and

x is distance down plane (ft).

The relation between h and q is given as:

q = ah” (31)

where

a and m are functions of overland flow-plane characteristics and
are computed in subroutine AM.

Equations used to compute o (ALPHA) and m (RM) from selected overland
flow-plane and channel-segment characteristics are given in table 2. These
equations may be overridden by user-defined values for ALPHA and RM. The
numerical technique developed by Leclerc and Schaake (1973) and described by
Dawdy, Schaake, and Alley (1978) is used to approximate q(x,t) at discrete
locations in the x-t plane. A rectangular grid of points spaced at intervals
of time, At, and distance, Ax, is used. Values of At and Ax may vary from
segment to segment, as required to maintain computational stability, and to
produce desired resolution in computed results.
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Subsurface Flow

Subsurface flow 1is considered to be the relatively rapid movement of
water from the unsaturated zone to a stream channel. Subsurface flow occurs
during, and for a period of time after, rainfall and snowmelt. The source of
subsurface flow is soil water in excess of field capacity. This excess
percolates to shallew ground-water zones or moves downslope at shallow depths
from point of infiltration to some point of discharge above the water table.
Subsurface flow is computed using a reservoir routing system.

Inflow to a subsurface reservoir occurs when the maximum available
water-holding capacity (SMAX) of the soil zone of an HRU is exceeded, and this
excess is greater than the recharge rate (SEP) to the ground-water reservoir.
That 1is, the difference between soil-water excess and SEP is subsurface
reservoir inflow. The continuity of mass equation for the subsurface-flow
system is expressed as: ’

d(RES)

RAS = INFLOW - It

(32)

where
RAS is the rate of outflow from the subsurface reservoir (in./At);
INFLOW is the rate of inflow to the subsurface reservoir (in./At), and
RES is the storage volume in the subsurface reservoir (in.).
RAS is expressed in terms of RES using the relationship:
RAS = RCF * RES + RCP * RES2 (33)
where

RCF and RCP are routing coefficients.

This is a nonlinear relationship. However, setting RCP equal to 0 makes the
relationship 1linear. Substituting equation 33 into equation 32 produces:

d

7~

RES)
dt

|

= INFLOW - (RCF * RES) - (RCP * RES2) (34)

Equation 34 is solved for RES with the initial conditions RES = RESO. This
solution is combined with the continuity equation, producing:

(1+ gK_C_g % 508) * (1-e TRRITAL, (35)
RAS * At = INFLOW * At + SOS * -
RCP 3 wrm o .. -XK3%AT
1+ 325 % S0S * (1-e )



where

At is time interval,

XK3 - RCF
S0S = RES0 © 9 % Rep * and
XK3 = J RCF2 + 4 * RCP * INFLOW .

A second discharge point from the subsurface reservoir provides recharge
(GAD) to the ground-water reservoir. The computation of GAD is discussed
under the topic ground water in this section of the manual.

A subsurface reservoir can receive inflow from one or several HRU's. The
number of subsurface reservoirs delineated in a basin can range from one to
the number of HRU's delineated. HRU's contributing to each subsurface reser-
voir are specified by the index, KRES.

Initial storage volumes and routing coefficients must be determined for
each subsurface reservoir. The initial estimate of storage normally is zero.
Values of RCF and RCP can be fitted from historic streamflow data. For the
nonlinear routing scheme, there are no procedures currently developed for
making initial estimates of RCF and RCP. However, for the linear case, RCF
can be estimated using the hydrograph separation technique on semilogarithmic
paper described by Linsley, Kohler, and Paulhus (1958). Integrating the
characteristic depletion equation:

q, = g, * K.* (36)

where

Qs 9, are streamflows at times t and o, and
Kr is a recession constant,

they show a relationship between RAS and RES that is expressed as:

_ _ _RAS
RES = Toa K — (37)

where

Kr is the slope of the subsurface flow recession obtained
from the semilog plot for t=1 day.

Rewriting equation 37 as:
RAS = -1oge Kr * RES (38)

shows that -logeKr is equivalent to RCF in equation 33 when RCP is zero.
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Daily flow computations of RAS are made in subroutine BASFLW using At
equals 24 hours. Unit storm computations of RAS are made in subroutine UNSM,
using At equals 15 minutes.

Ground Water

The ground-water system is conceptualized as a linear reservoir and is
assumed to be the source of all basefiow (BAS). Water can move to a ground-
water reservoir from both a soil zone and a subsurface reservoir (fig. 2).
Movement from a soil zone occurs when field capacity is exceeded and is
limited by a maximum daily recharge rate, SEP. SEP is defined for each HRU.
The reservoir receiving recharge from an HRU is specified by the index KGW.
Movement to a ground-water reservoir from a subsurface reservoir (GAD) is
computed by:

REXP
GAD = RSEP * ( RES (39)
RESMX
where

RSEP is a daily recharge coefficient,

RES is the current storage in the subsurface reservoir (in.),
RESMX is a coefficient, and

REXP is a coefficient.

RESMX and REXP are used to define the routing characteristics of GAD. Setting
them to 1.0 makes the routing a linear function of RES. The ground-water
reservoir receiving GAD is specified by the index KRSP. The shape of the
baseflow recession of the simulated hydrograph will be influenced by the
relative proportion of ground-water recharge from the two source terms, SEP
and GAD. Recharge from SEP occurs only on days when SMAX 1is exceedad by
infiltration, while GAD occurs every day there is water available in the
subsurface reservoir. Therefore, the use of GAD to recharge ground water
preferentially over SEP could decrease subsurface flew and increase
ground-water flow contributions to the simulated hydrograph.

BAS expressed in acre-inches (acre-in.) is computed by:

BAS = RCB * GW (40)
where

RCB is the reservoir routing coefficient, and
GW is the ground-water reservoir storage (acre-in.).

RCB and the initial value of GW can be estimated from available
streamflow records using equation 36 and a reformulated equation 37:

BAS
GW = - ——r (41)
]OgeKr
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where

K. is the slope of the ground-water flow recession from a semilog plot of
discharge versus time. The value -1°geKr is equivalent to RCB in equation 40.

The movement of water through the ground-water reservoir to points beyond
the area of interest or measurement is treated using a ground-water sink. The
daily accretion to the sink (SNK) in acre-inches is computed by:

SNK = GSNK * GW (42)
where

GSNK is a seepage constant.

One or more ground-water reservoirs can be delineated in a watershed.
More than one reservoir requires sufficient data to estimate initial storage
volumes and routing coefficients. On small watersheds, oniy one ground-water
reservoir normally is specified.

Fer mean daily flows, BAS and GAD are computed in subroutine BASFLW and
the water in excess of field capacity available to satisfy SEP is computed in
subroutine SMBAL. For storm events, BAS and GAD are computed in subroutine
UNSM at 15-minute time intervals and the water in excess of field capacity is
computed in subroutine UNITD at the same time interval as the infiitration
computations.

Channel Flow

Channel-fiow routing of daily streamflow 1is done only when surface
reservoirs are designated. In these cases, the only routing is that accom-
plished by the reservoirs. Reservoir routing is discussed in detail under the
reservoir topic in this section of the manual.

Channel-flow routing for storms is implemented by characterizing the
drainage network as an ensemble of channel, reservoir, and junction segments
that jointly describe the drainage pattern. The total number of channel,
reservoir, and channel segments cannot exceed E0. Each type of segment can
receive upstream infiow from as many as three other segments. In addition,
channel segments may receive lateral inflow from as many as two overiand flow
planes (left bank and right bank). The upstream inflow hydrograph and the
lateral inflow per unit length of channel times the channel length serve as
the input or driving functions for channel-segment flow computations.

Channel-flow routing wuses the same approach as that wused for
overland-flow computations--a finite difference approximation of the continui-
ty equation

9A | 9Q

%, . (43)
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and the kinematic wave approximation relating discharge and the cross-
sectional area of flow m

Q= oA (44)
where

is the area of flow (ft2),

is the flow rate (ft3/s),

is the lateral inflow per unit length of channel (ft3/s/ft),
is time(s),

is distance down the channel (ft), and

and m are kinematic wave parameters.

R X 00>

The equations used to compute o (ALPHA) and m (RM) from selected channel
segment characteristics are given in table 2. These equations can be overrid-
den with wuser-defined values for ALPHA and RM. The numerical technique
described by Dawdy, Schaake, and Alley (1978) is used to approximate Q(x,t) at
discrete locations in the x-t plane.

The kinematic-wave parameters o and m for channel flow can be estimated
for channel segments using Manning's equation if the wetted perimeter, W, can
be expressed as a power function of the area of flow

d

W=CcA (45)
where
c and d are constants. Defining the hydraulic radius as
R = .& = Al-d’ (46)
W ¢
then Manning's equation for the flow rate is .
5_2
1.49/5 3 §d) (47)
Q=AV = né =~ A
where
V is flow velocity (ft/s),
n is Manning's n, and
S is slope (ft/ft);
then
o = 1.49)S (48)
nge’ = i
and
m = % - %— a . (49)
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Dawdy, Schaake, and Alley (1978) suggest that the time and space steps,
At and Ax, used in the numerical computations, be selected on the -frequency-
response characteristic (time to equilibrium) of "fastest" channel segment,
the highest expected lateral inflow rate and a unit-hydrograph rule of thumb.
A linear-stability criterion (Woolhiser and others, 1970) also can be used to
temper the selection of the time and space steps fcr channel segments with
predominantly upstream flow. This criterion is

m-1

ax o,
At 2maA (50)

where

A is a maximum expected cross-sectional area of flow.

Reservoir Routing

Reservoir routing is based on a general form of the continuity equation:

_ d(ST0)

0=1 It (51)

where

0 is reservoir outfiow,

I is reservoir inflow,

STO is reservoir storage, and
t is time.

For daily streamflcw computations, I is the sum of the streamflow contribu-
tions from all HRU's and the part of subsurface- and ground-water reservoirs
above the channel reservoir. Reservoir inflow also can include the outflow of
up to 3 upstream channel reservoirs. For storm-mode computations, the reser-
voir is treated as an individual stream segment in the channel-routing scheme.
Reservoir inflow in this case is the upstream input of any combination of up
to three channel, reservoir, and junction segments.

Two tynmes of reservoir routing are available. One is linear storage
routing which uses equation 51 and the relationship

0 = RCS * STO (52)
where
RCS is a routing parameter.
Substituting equation 52 into equation 51 and rearranging terms produces

d6T0) - 1 - (res * 5T0) (53)
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Equation 53 is scived for STO, and this solution is substituted back in
equation 51 producing:
’ -(RCS*At)

— - 1-e * * - "(RCS*At) * s
0=(1 RESYAL )X I *At + (1-e ) * ST0, (54)

where

At is the time interval, and
STO is the reservoir storage at the start of At.

STO is recomputed at the end of each At and used in the next iteration of
equation 54. '

The second type of reservoir routing available is modified-Puls routing
(U.S. Soil Conservation Service, 1971). 1In this procedure, the 0 and I terms
of equation 51 are the averages of 0 and I at the beginning and end of time
interval At. Rearranging equation 51 using these average values gives

28TO 28TO

2 _
ar T 0, =+ 1)+

1
——A—E—— "01 (55)

where the subscripts 1 and 2 specify start and end values for time interval
At. A1l terms on the right-hand side of equation 55 are known at the begin-
ning of a routing period. An interpolation procedure described by Dawdy,
Schaake, and Alley (1978) is used to solve for 02. A table of outflow versus

iiTO + 0 values is computed by the model from a user-specified table of stor-

age versus outflow. O2 can be determined by entering the computed table

2ST0
with the value of at O2 computed from equation 55. Reservoir evapora-
tion, leakage, bank storage, and infilow by direct precipitation are not
accounted for by the model.

The type of routing for each reservoir is selected with varibles IRTYP
for daily routing and TYPE for storm routing. IRTYP and TYPE must be the same
value for a given reservoir. Reservoir routing for daily streamflow simula-
tion is done in subroutine RESVRD. Reservoir routing for storm events is done
in subroutine RESVRU.

Sediment

Sediment detachment and transport from overland flow-planes is computed
only for storms. Computations are done in subroutine UNITD. The conservation
of mass equation used to describe sediment detachment and transport is one
presentad by Hjelmfelt, Piest, and Saxon (1975) and is expressed as:

d3(ch) a(cq) _
S5t + Sx = ER + EF (56)
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where

c is sediment concentration, in kileograms per cubic foot
(Kg/ft3),

h is flow depth (ft),

q is flow rate per unit width (ft3/s/ft),

ER is the rainfall detachment rate of sediment (Kg/ft2/s),

EF is the overland flow detachment rate of sediment (Kg/ft2/s),

x is distance down the flow plane (ft), and

t is time(s).

ER is computed using a relationship described by Smith (1976) which is ex-
pressed as:

ER = KR % PPT? % o (HCYHBAR®) 7

where

PPT is the rainfall rate (ft/s),
HBAR is the mean depth of flow (ft), and
KR and HC are parameters.

EF is computed using a relationship described by Hjeimfelt, Piest, and Saxon
(1975) which is expressed as

EF = KF * (TC-TR) (58)
where

TC is the sediment transport capacity (Kg/s),
TR is the current sediment transport rate (Kg/s), and
KF is a parameter.

TC is computed by

EN

TC = MM * HBAR (59)

where
MM and EN are parameters.

For a given time step, the rainfall detachment rate (ER) is added to the
current transport rate (TR) and the sum is compared to the transport capacity
(TC). If the sum is greater than the transport capacity, then the current
transport rate is set equal to the transport capacity. If the sum is less
than the transport capacity, then the flow detachment (EF) computations are
made and added to the current transport rate.

Equations for overland flow are solved to obtain the appropriate values
of q and h for use in equation 56. The time trace of sediment-transport rate
per unit width of overland flow plane is written to a temporary disk file for
use in channel-transport computations performed in subroutine ROUTE.
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Sediment is transported as a conservative substance in the channel
system; sediment detachment and deposition in the channel are not included.
Channel transport is computed using the channel network described under the
Channel Flow heading of this section. The continuity of mass equation used to
describe sediment transport is expressed as:

dcA 9cQ  _
3t +—-§§ = TILAT (60)

where
A is the cross-sectional area of flow (ft2),
Q is the flow rate (ft3/s), and
TLAT is the lateral inflow rate of sediment to the channel
(Kg/s/ft).
TLAT 1is obtained from the temporary disk file written in subroutine UNITD.

Snow

The snow components simulate the initiation, accumulation, and depletion
of a snowpack on each HRU. A snowpack is maintained and modified both on a
water-equivalent basis and as a dynamic-heat reservoir. A snowpack-water
balance is computed daily, and an energy balance is computed twice each day
for two 12-hour periods {(designated day and night). Most snow computations
are done in subroutine SNOBAL.

The conceptual model for the snowpack system and its energy relationships
is one described by Obled and Rosse (1977). The snowpack is assumed to be a
two-layered system. The surface layer consists of the upper 3 to 5 centime-
ters of the snowpack, and the lower layer is the remaining snhowpack. Heat
transfer between the surface layer and the Tower layer occurs by conduction
when the temperature of the surface layer (TS) is less than 0°C (Celsius).
When TS equals 0°C, heat transfer occurs as conduction when the net energy
balance at the air-snow interface is negative, and as mass transfer by surface
melting when the net energy balance is positive. Heat transfer from precipi-
tation occurs as a mass-transfer process. Conduction of heat across the
soil-snow interface is assumed to be zero, since it is negligible ccmpared to
the energy exchange at the air-snow interface. The conceptual snowpack system
and the components of the snowpack energy-balance equations are shown in
figure 9.

Temperature of the surface layer for the daylight period is computed as
the mean of the maximum and mean-daily air temperature for an HRU. For the
night period, it is computed as the mean of the minimum and mean-daily air
temperature for a HRU. Snow surface temperature equals 0°C when these means
exceed 0°C. When the surface temperature is less than 0°C, the mean air
temperature for that 12-hour period is assumed to integrate the effects of the
radiation, latent heat, sensible heat, and diffusion processes expressed in
the complete equation for the surface temperature. See Arderson (1968) for a
complete discussion of the equation.
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Figure 9.--Components of the snowpack energy-balance equations.
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The conduction of heat between the snow surface and the lTower layer of
the snowpack (QCOND) is computed by:

QCOND = 2 * DEN * CS ?J (BE%E%%T * é% * (TS-PACT) (61)

where

DEN is snowpack density (g/cm?),

CS is the specific heat of ice in calories per gram per °C
(cal/g/°C),

KEFF is the effective thermal conductivity of the snowpack
(cal/s/cm/°C),

At is the time interval(s),

n is pi, and

PACT is the temperature of the lower layer of the snowpack (°C).

KEFF is assumed equal to 0.0077 * DEN2 (Anderson, 1968). DEN is computed by:
DEN = PWEQV/DPT (62)

where

PWEQV is smowpack water equivalent (in.); and
DPT is snowpack depth (in.).

DPT is computed using a finite difference scheme to solve the equation (Riley,
Israelsen, and Eggleston, 1973):

ng%IiEll + [SETCON*DPT(t)] =
PSN . SETCON (63)
DENI ' DEMMX PSS

where

SETCON is a settliement-time constant,

PSN is net daily snowfall (inches water equivalent),

DENI is initial density of new-fallen snow,

DENMX is the assumed average maximum snowpack density,

t is time in days (t=0 at date of snowpack initiation), and

PSS is accumulated sum of PSN from time of snowpack initiation (in. water
equivalent).

The temperature of the lower layer of the snowpack, PACT, is recomputed each
12-hour period by:

PACT = TouEqve1.27)
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where
PKDEF is the number of calories of heat required to bring
the Tower layer to an isothermal state at 0°C.

The constant 1.27 is the product of the specific heat of ice (0.5 calories/
gram/°C) and the conversion factor for inches to centimeters (2.54).

When the temperature of the surface laver equals 0°C, an energy balance
at the air-snow interface is computed. For each 12-hour periocd the energy
balance CALN in calories is computed by:

CALN = SWN + LWN + CEN (65)
where

SWN is net shortwave radiation {cal),

LWN is net longwave radiation (cal), and

CEN is an approximation of the convection-condensation energy
terms (cal).

An additional energy term for the heat content of precipitation (CALPR) is
computed in subroutine PRECIP and is added to the snowpack before CALN is
computed.

Net shortwave radiation SWN is computed by:
SWN = SWRD * (1.0 - ALB) * TRNCF (66)
where

SWRD is the computed shortwave solar radiation received (ly),

ALB is the aibeds of the snowpack surface, and

TRNCF is the transmission coefficient for the vegetation canopy over
the snowpack.

For albedo computations, the snowpack is considered to be in either an
accumulation phase or a melt phase. A new snowpack begins in the accumulation
phase and continues in this phase until the temperature of the lcwer layer is
0°C for 5 consecutive days or the Julian date exceeds a forcing date ISP2. At
this point, the snowpack shifts to the melt phase. The date to begin checking
for the start of the melt phase (ISP1l) and the date to force the start of melt
phase (ISP2) are user-specified. Snow surface albedo is computed as a func-
tion of the snowpack phase and the number of days since the last snowfall
(SLST). A separate albedo-SLST relationship (U.S. Army, 1956) is used for
each phase. The albedo of new sncw decays daily according to the albedo-SLST
relationship in effect at the time of the snowfall. The number of days since
the last snowfall (SLST) is reset to zero when all-snow precipitation of at
least 0.05 inches water equivalent during the accumulation phase, or 0.1
inches water equivalent during the melt phase, occurs. For precipitation that
is a mixture of rain and snow, SLST is not reset if the percentage rain in the
mixture (PRMX) is greater than or equal to user-defined value of RMXA for the
accumulation phase or RMXM for the melt phase.

42



The transmission coefficient (TRNCF) is estimated using a winter forest-
cover density (COVDNW)-TRNCF relationship for the vegetation canopy over the
snowpack. Miller (1959) developed a COVDNW-TRNCF relationship for several
species of pine, and Vézina and Péch (1964) developed similar relationship for
both jack pine and balsam fir. Both pine relationships are shown in figure
10, with an average of the two curves that has given reasonable results in
model applications (Leavesley and Striffler, 1978).

Longwave net radiation (LWN) has two components--the longwave exchange
between the air and snowpack surface and the longwave exchange between the
vegetation canopy and the snowpack surface. LWN is computed by:

LWN = (1.0 - COVDNW) * [(EMIS*AIRN)-SNON]
+ COVONW * (AIRN-SNON) (67)

where

COVDNW is the winter cover density of the predominant
vegetation above the snowpack,
EMIS is the emissivity of air,
AIRN is the longwave energy emitted from a perfect black
body at the average air temperature for the 12-hour
period (cal), and
SNON is the longwave energy emitted from the snowpack
surface at the surface temperature (TS) for the 12-hour period (cal).

AIRN and SNON are computed using the Stefan-Boltzmann law. The temperature
used for AIRN is the average of the dajly-minimum and daily-mean air tempera-
tures for the night period, and the average of the daily-maxim<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>