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CHAPTER I
INTRODUCTION
Problem

Interest in the effects of land use on water quality
and the passage of non—poinﬁ source pollution control
legislation in the 1970's, ;uch as P.L. 22-500 Sec. 208,
spawned numerous watershed water chemistry modeling and
research efforts. Informat%on was needed immediately, so
early water chemistry modelg were developed around existing
hydrologic models such as tﬁe well known Stanford Watershed
Model (Donigian and Crawfor#, 1976b). Research took a
monitoring approach to obtain measures of pollutant
concentrations and loads prqduced between various land
uses.

Unfortunately, many of the early water chemistry
models used simplifying assumptions that did not represent
the physical processes takiﬁg place on the watershed (Bevin
et al., 1984). Watershed research efforts did not quantify
the physical processes contﬁolling water guantity and

chemistry, thereby failing ﬁo establish a direct physical

link between changes in land use and water chemistry.



Needs

Streamflow water chemistry is a function of the
chemistry of the incoming péecipitation, flow paths taken
by the water, the types of materials encountered along the
flow path, and the length o% time water remains in contact
with a particular substrate;(Dowd and Nutter, 1985). In
order to improve hydrologicland water chemistry models, the
flow paths taken and the pﬁysical and‘chemical processes
encountered by water as it ﬁravels through the watershed
system to become streamflow%must be described and
quantified (Dowd and Nutter: 1985 and Nix, 19895).
Additionally, the spatial aﬁd temporal variation of the
dominant processes must als? be described and quantified
(Bevin et al., 1984). Regiénal differences between
dominant flow generating précesses must also be understood
(Nix, 1985). |

The need to improve the physical basis of water
chemistry models and our overall understanding of watershed
water chemistry generating processes has become greater
with recent concerns over the effects of acid precipitation
and the use and disposal of chemicals (pesticides and
wastes) on the environment. 'In a review of the directions
of modern hydrologic researqh, Burges (1986) pointed out
that additional research is needed to adequately describe
hydrologic interactions of vegetal cover, topography, soil

chemistry and land use at the small watershed scale.



The physical and chemical processes that generate
streamflow ana water chemistry in streams draining small
forested watersheds of the Ouachita Highlands of
southeastern Oklahoma are not fully understood. Recent
research by Miller (1984) quantified differences in water
and sediment yield between clearcut and undisturbed
forested watersheds in the region. Rochelle and Wigington
(1986) investigated the role of surface flow as a
streamflow generating process on three small forested
watersheds in the Ouachita Highlands. The above mentioned
research has contributed to the understanding of how
streamflow and water chemistry is generated on small
forested watersheds of the region. However, if the effects
of forestry activities on streamflow and water chemistry of

the region are to be fully understood and modeled,

i

additional research to describe and quantify the physical
b
and chemical processes that generate streamflow and water

chemistry must be performed.

Objectives

In order to gain an understanding of the effects, and
later model the effects of silvicultural practices on
hydrologic processes and wager quality, a good
understanding of the hydroldgic and chemical processes on
an undisturbed forested watershed is required. This study
represents a first attempt at measuring and modeling

relationships between streamflow and chemistry generating



processes on a small, undisturbed, forested watershed
typical of thé Ouachita Mountain region of Oklahoma and
Arkansas. It consists of two components, a field component
and a modeling component. The field component attempts to
establish basic relationships between the source of
streamflow and water chemistry, by answering the following
questions:

1. What are the discharge rates, timing, and volume
contributions to total streamflow of shallow
subsurface flow?

2. How does the chemistry of water entering a
watershed change as it moves through the canopy and
soil to become streamflow?

3. Can basic relationships, that can later be used in
modeling efforts, between shallow subsurface flow and
streamflow and water chemistry and flow source be
developed using the data collected?

The objectives of modeling efforts often determine, in
part, the design of a model used in a particular

application. For this study model requirements and goals
|

are: {
1. To produce continuous simulation of streamflow and

water chemistry on a water year basis.

2. To represent the hyd%ologic and chemical processes
on the study watershed.

3. To use physically-based parameters and algorithms
whenever possible.

4, To keep the model stfucture as simple as possible
to minimize the number of parameters required.



Initially an attempt to meet the objectives by
adapting an egisting models was made. As work progressed,
it became apparent that it would be more desirable to
develop a new model, borrowiﬁg various components and

concepts from existing models.



CHAPTER 11

STREAMFLOW AND CHEMISTRY GENERATING PROCESSES

ON FORESTED WATERSHEDS
Streamflow Generating Processes

Total streamflow at a watershed outlet may be viewed as
the sum of streamflow genera&ed from individual source areas
within the watershed. Strea%flow from a source area is
controlled by five general gtreamflow generating processes:
channel interception, overlénd flow, subsurface flow,
saturation overland flow, a%d percolation to the groundwater

|
table (Dunne, 1978). The peoportion of streamflow produced
by each process is a functién of watershed characteristics
including soils, geology, v%getation, climate and
topography. The watershed éharacteristics mentioned above
vary spatially over a watershed. Therefore, the dominant
runoff generating processes also vary spatially over a
watershed (Betson and Marius, 1969 and Dunne, 1978). The
proportions of runoff produéed‘by different runoff
generating processes also v%ries with time and time and

space concurrently (ie: as in the variable source concept,

Hewlett and Nutter, 19270).



Undisturbed foresteq watersheds generally have highly
permeable soiis that have infiltration capacities much
greater than the rainfall rates of the most intense storms.
Therefore, overland flow is non-existent except on rock
outcrops or zones of saturated soils (Hewlett and Nhtter,
1970 and Dunne, 1978). A protective covering of litter that
accumulates on the forest floor also aids precipitation to
infiltrate into the soil. Channel interception generally
contributes little to the total streamflow. Therefore, the
major streamflow generating processes on undisturbed
forested watersheds include subsurface flow through highly
permeable surface soil horizons (Hewlett and Hibbert, 1967;
Betson and Mérius, 1969; Whipkey, 1965; Freeze, 1972; and
Dunpne, 1978), and saturation overland flow from saturated
soils in topographically low concave areas (Dunne and Black,
1970 and Hewlett and Nutter, 1970). Deep percolation to the
groundwater table and the subsequent release of groundwater
to the stream may also contribute significantly to total
streamflow on watersheds that contain deep permeable soils.

Subsurface flow, also called throughflow or interflow,
is defined as infiltrated precipitation that travels through
the soil to the stream without entering the groundwater
table (Whipkey, 1965 and Dunne and Black, 19270). Subsurface
flow takes place in sloping surfaces composed of highly
permeable soils underlain by less permeable layers such as
fragipans, claypans, or partially weathered shallow bedrock

({Dunne, 1978). Flow in the subsurface environment takes



place through pores in the soil matrix, and through
macropores (Bévin and German, 1981). Macropores are formed
by old root channels, animal burrows and soil cracks.
Macropore flow is a significantly different process capable
of delivering subsurface flow at velocities much greater
than velocities that occur in the saturated soil matrix
(Pilgrim et al., 1979; Devries and Chow, 1978; Mosley,
1979). In fact, Mosley (1979), found flow velocities
through a soil containing macropores up to 300 times as
great as the saturated hydréulic conductivity of the soil.
The partitioning of subsurf%ce flow between soil matrix and
macropore flow is not well &nderstood. However, conceptual
models of the partitioning process do exist (Bevin and
German, 19813 Thomas and Beasley, 1986a).

The extent to which suésurface flow contributes to
total streamflow is a.function of the vegetation,
topography, soils and geolo%y of a watershed. Examples of
the percent of storm precipﬂtation that leaves a watershed
as subsurface runoff range from 18 to 53% for large storms
on deep sandy loams in Dhio#(Whipkey, 1965), to 2 to 207% on
deep sandy loams in North Carolina. Beasley (19746) showed
that 5.1 to 49.2% of the annpal runoff from two Mississippi
coastal plain watersheds containing deep permeable soils was
subsurface runoff.

Saturation overland floﬁ may be divided further into
return flow, subsurface flowithat emerges and flows to a

|

channel along the surface, aﬁd direct precipitation on



saturated areas (Dunne, 1978). The presence of saturated
areas or area% where subsurface flow can emerge as return
flow is largely a function of topography. Saturated zones
tend to form in concave areas of low relief where water
flowing downslope may collect (Dunne et al., 1975;
0’'Loughlin, 1981; Anderson and Kneale, 1982; 0'Loughlin,
1986). The area of saturation increases and decreases in
response to precipitation inputs (Hewlett and Nutter, 1970
and Dunne and Black, 1970). Therefore, the area
contributing to streamflow by saturation overland flow is
variable over tiﬁe. Since precipitation falling on
saturated zones is transporﬁed to a stream channel rapidly
as surface flow, saturation?overland flow can account for
very rapid rises and falls ﬂn streamflow (Dunne and Black,

|
1970).

i

Watershed physical characteristics determine the
proportion of flow generated by subsurface runoff and
saturation overland flow. dunne (1978) provides an
excellent summary based on a continuum of watershed
characteristics. On watersheds with thin soils, concave
footslopgs, wide valley bottoms, and soils of high to low
permeability, direct precipitation and return flow control

|

streamflow generation. Subsurface flow controls streamflow

generation on watersheds having straight steep hillslopes,

deep permeable soils, and narrow valley bottoms.
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Flow Processes and Water Chemistry

The flow path water takes through a watershed controls
water chemistry by determining what materials the water
comes in contact with, the time of contact or residence on
the watershed, and the rates and quantity of water through
each path (Dowd and Nutter, 1985). As water enters a
watershed as precipitation, it undergoes numerous chemical
transformations as it comes in contact with vegetation, soil
and rock. Water flowing from a source with unique chemical
properties should as a result, also have unique chemical
properties.

The concept that water hés chemical properties
representative of the source has been used extensively to
chemically separate groundwater flow from overland flow
(Pinder and Jones, 196%). Ebise (1984) used nitrate-
nitrogen loading to distinguish between surface, prompt
subsurface flow, and base flow. Reid, et al. (1981) used
the concentrations of dissolved organic carbon to determine
the percentage of total streamflow produced from peat bog
source areas. TThe concentrations of naturally occurring
isotopes have been used more recently by Sklash and
Farvolden (1979); Pearce, et al. (1986); and Hooper and
Shoemaker (1986), to separate groundwater flow from total
storm flow.

Direct measurements of the volumes, rates, and timing
of flow from different sources have been made in numerous

studies (Whipkey, 1965; Dunne and Black, 1970; Beasley,
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1976; Weyman, 1973; and Mosely, 1979). Measurements of the
water chemist?y from different sources have been limited to
the analysis of bulk samples (Jackson, et al., 1973;
Kachonski and Dedong, 1982; and DeOliveira Liete, 1985)
collected from each source. These studies did not
investigate the changes in cbncentration of chemical
constituents concurrently wi#h the changes in flow over time
during storm events. |

Recent research has investigated the concept that
streamflow is composed of a pixture of old and new water
(Pilgrim, et al., 1979). Dla water is water stored in the
watershed prior to an event. New water is added to the
watershed during an event. 0ld water is displaced from the
subsurface matrix by newly added water. As a result,
streamflow is a mixture of o&d water and new water. The
concept seems to support the concept of translatory flow
(Hewlett and Hibbert, 1967),;where existing water in the
soil matrix is displaced downhill through the subsurface to
a stream. O0ld water has been shown to form a large
proportion of stormflow. Sklash and Farvolden (1979) used
naturally occurring isotopes to show stormflow from a
watershed with deep permeabﬂe sands was primarily generated
from pre-event groundwater.] Employing similar natural
isotope techniques, old wat%r was also found to be a major
component of stormflow fromgsmall forested watersheds with

steep slopes and shallow soﬂls (Pearce, et al., 1986 and

Hooper and Shoemaker, 1986). Thomas and Phillips (197%)
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theorized that actual flow through soil is most likely a
combination of displacement of old water and flow through
macropores of new water. Although the process is not

totally understood, the implications for water chemistry

modeling are great.



CHAPTER 111

WATERSHED HYDROLOGY AND

WATER GQUALITY MODEL ING

Watershed Hydrology Models

Watershed hydrology models are simply mathematical
algorithms that attempt to solve the hydrologic processes
responsible for streamflow or water yield from a watershed.
The approach used to model hydrologic processes varies from
model to model. Numerous watershed models, representing a
range of modeling approaches from simple to highly complex,
have been devised. Renard et al. (1982), offer summaries
of 75 watershed models currently in use by government agen-—
cies and research institutions. The purpose of this review,
is to look at a few of the watershed models that have been
used, or have potential, with modification, to be used for
modeling forested watersheds. Hydrologic processes impor-—
tant on forested watersheds are emphasized. Processes em-—
phasized include precipitation, interception and through-
fall, infiltration, surface runoff, channel interception,
variable source area, subsurface flow, evapotranspiration,
so0il water balance, groundwater flow, and channel streamflow

routing.
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The review is not all-encompassing. Rather, it reviews
models representing a range of modeling approaches, from
lumped to distributed, concéptual to physical, and from
simple to complex. The watershed model review consists of
two parts. The first part contains a general review of each
modeling approach used. Thé second part looks at how the
individual processes of the hydrologic cycle are modeled.
The models are arranged in increasing order of complexity of

representation of the hydrologic processes.

Modeling Approach

The Kentucky Daily Watershed Model (KDW) was designed
to simulate daily streamfloﬁs from small forested watersheds
in eastern Kentucky continuéusly throughout a water year
(Sloan et al., 1983). The KDW model is a lumped-parameter,
deterministic model. The deel consists of a series of con-
nected stores (Figure 1). Inputs and outputs represent

1
physical processes. The mo%el is somewhat physically based
because some of the processiparameters are measurable in the
field. Other parameters mu%t be obtained from calibration
with known streamflows. Therefore, the KDW model is not

well suited for application:to ungaged watersheds. The KDW

model contains thirteen parameters.

14
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Figure 1. Structure of the Kentucky Daily

Watershed Model (from:
Sloan et al., 1983).
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Hydrologic Processes

Precipitation. Daily precipitation provides the input

to the model.

Interception. Interception is represented by a store

having a maximum capacity of CMAX. CMAX is a function of a
maximum interception storage capacity (CEPMAX) and the de-—

gree of canopy development (FCAN).
CMAX = CEPMAX x FCAN

FCAN is a function of the seasonal changes in leaf area in-
dex and canopy cover. FCAN is at a minimum during the win-—
ter, and at a maximum of 1 during the summer. Evaporation
is removed from the store fér each time step. When the

store is filled, throughfall is available.

|
Infiltration. All water is assumed to infiltrate, ex-—

cept on the saturated source area. Total infiltration
(INFIL) , i1s equal to the fraction of the watershed area not
in the saturated source are? (1-PB) times the net through-

fall (RAIN - CMAX)
INFIL = (1-PB)X(RAIN - CMAX)

Surface Runoff. Surface runoff is assumed to occur

only on saturated areas.

Variable Source Area. The function used to calculate

the fraction of the watershed occupied by the variable



source area (PB) was taken from the BROOK model (Federer and

Lash, 1978).
PB = FSTP + PC % exp[PAC % (USIN/USMAX)]

where PAC and PC are variable source area constants, FSTP
is the fraction of the watershed area in stream channels,
USIN is the water content of the so0il zone, and USMAX is the

maximum soil zone water content.

Channel Interception. Channel interception is included

in the variable source area routine. The area occupied by
stream channels (FSTP) is considered to be a fixed percent-

age of the watershed area.

Evapotranspiration. Actual evapotranspiration is lim-

ited by either the potential evapotranspiration (PET), or
the plant—-available water (USIN - USWP). Plant available
water is equal to the actual soil water content (USIN) less
the water content at the -15 bar soil water potential
(USWP). Potential evapotranspiration was estimated by evap-
oration pan data. However, Sloan et al.(1983) point out
equations using mean daily temperature to calculate PET

could be added to the KDWM,

Soil Water Balance. The daily soil water balance is

calculated by accounting for daily inputs of infiltration
(INFIL), and outputs, percolation (FFU) and evapotranspira-

tion (EVAP)



USIN = INFIL - EVAP - FFU.

As in the BROOK model (Federer and Lash, 1978), drainage
from the soil zone (FFU) is assumed to be equal to the hy-
draulic conductivity. Hydraulic conductivity is calculated

as a function of soil water content.
FFU = FU % @=e+=

where FU is a constant, 0 is the soil water content, and
2b+3 is a constant obtained;from the soil moisture release
curve. The soil moisture %elease constant (2b+3) is calcu-
lated from the following préssure head (h) soil moisture

(0) relationship
h = a@-*

where a and b are constants obtained by measurement.

|
Subsurface Flow. Subsurface flow (RUND2) is released

from the soil zone store as' a fixed fraction (K1) of the
drainage from the soil zonei

RUND2 = K1 % FFU

The interflow constant (K1) must be obtained from calibra-

tion with known streamflow.i

Groundwater. Input toithe groundwater store (SSIN) is

percolation (PERCO) from thé soil water store.

PERCO = (1-K1) x FFU .

18
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Release of flow from the non-linear groundwater store (FFS)

is calculated by
FFS = FS X (8SIN)™=

where SSIN is the quantity of water in storage, and KS and
FS are groundwater constants obtained from calibration, or

from recession curve analysis.

Channel Flow Routing. " All releases from storages are

summed at the outlet for each daily time step.
BROOK_Model

‘Modeling Approach

BROOK (Federer and Lash, 1978) is a deterministic,

lumped parameter, continuou% simulation, daily streamflow
model. The model was origi%ally designed to simulate water
|
yvyield differences from fore;ted watersheds under different
hardwood cover types in New;Hampshire. The model is com-
posed of a series of storag?s, each representing a component
of the hydrologic cycle (Fiéure 2). Interception, evapo-
transpiration, and soil watgr balance are tree species de-
pendent. Both processes aré related to the leaf area index
(LAI), stem area index (SAIﬁ, and rooting depth of a tree
species. BROOK also contaids a variable source area compo-
nent.

Snow interception, accumulation, melt, and evaporation

routines, were omitted from;the discussion provided by Fed
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Model (from: Federer
and Lash, 1978)
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erer and Lash (1978), because the research was carried out
for watersheds dominated by rain. Since watersheds in
southeastern Oklahoma are also dominated by rain, the snow
routines are not considered important. The daily time step
is divided into smaller intervals during intense storms for
calculating rapid changes in soil water content, moisture
dependent hydraulic conductivities, and flows from the vari-
able source area. The number of intervals increases with

rainfall and initial soil water content.

Hydrologic Processes

Precipitation. Daily precipitation provides input for

the model. BROOK arbitrarily assumes the precipitation is

snow for average daily temperatures below —-2.8<C.

Interception. The interception store is divided into
rain and snow components. Rainfall interception (INT) is
limited by the lesser of potential evapotranspiration (PET)

and daily rainfall (RAIN). Interception is given by
INT = O.75f0.67LAI/4 + 0.335AI/2) % minimum of(PET or RAIN)

where LAI is the leaf area index and SAIl is the stem area
index. A portion of the rain is allowed to penetrate the

canopy before the interception store is filled.

Infiltration. All water is assumed to infiltrate into

the soil. Infiltration (INFIL) is equal to the throughfall

21
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(RAIN ~ INT) times the fraction of the watershed area not

occupied by the saturated variable source area.
INFIL = (1 = PRT)(RAIN - INT)

where PRT is the fraction of watershed area covered by a

saturated contributing area.

Surface Runoff. Surface runoff was assumed to not oc-

cur, except on the saturated areas.

Channel Interception. A fixed impervious area for

channel interception of 1% of the total watershed area was

assumed.

Variable Source Area. The variable source area (PRT),

or saturated contributing area, is defined as an exponen-—

|
tial function of the available water in the root zone plus

the 17 channel area.

PRT = 0.01 + PC % exp[PAC(EZONE/EZDEP - EZ15)]

where EZONE is water storage in the root zone, EZDEP is the
maximum root zone water sto&age, EZ15 is the water content
at the 15 bar wilting point, PC is a variable source parame-
ter, and PAC is a variable source parameter. The two vari-
able source parameters, PC aﬁd PAC, must be calibrated.

Surface runoff generated in the variable source area is as-

sumed to enter the channel i? one time step.



Evapotranspiration. Potential evapotranspiration (PET)

was calculated from the mean daily temperature using the Ha-
mon procedure. Evaporation from the interception store is
equal to the potential rate. Soil evaporation (SEVAP) and
soil transpiration (TRANS) are calculated individually us-—
ing a rate equal to the lesser of the potential evapotran-—-
spiration (PET) times the ratio of the daily potential inso-
lation on the watershed to that of a horizontal surface
(RS), or a soil water suppiy function.

SEVAP = [(LAI—4)2/16.84%0.05]*min{vaA/CE or PETXRS(1-

0.3SAI)?

where EVWA is the evaporation water available in top S5Omm
of soil, is equal to EVW —i50 X EZ15, EZ15 is the relative
s0il water storage at -15 Sar potential, EVW is the maximum
water storage in the top Bd mm of soil, and CE 1is an evapo-

|
ration constant. Transpiration is given by
TRANS = [1-(LAI1/4-1)=] X% min {EZA/CT or PE % RS}

where EZA is the available water in the entire root zone.
EZA is equal to EZONE - EZD?P X EZ15. EZONE is the current
water storage in the root zone, EZDEP is the root zone
depth, and CT is a constant for transpiration. The evapora-
tion constant, CE, and the transpiration constant, CT, must

be obtained from calibration.
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Soil Water Balance. The soil water balance for the

root zone (EZONE) is simply an accounting of the inflows and

outflows
EZONE = INFIL - SEVAP - TRANS - EDRAIN

where EDRAIN is the outflo@ (percolation) from the root
zone. EDRAIN is assumed tojequal the hydraulic conductivity
at the mean water content of the root zone. A power law re-
lationship between hydraulic conductivity and water content

is assumed.
EDRAIN = KEINT X (EZONE / EZDEP)we=s.e

where KEINT and KESLP arejsoil parameters obtained from

moisture release curves of the soils.

Subsurface Flow. Subsurface flow, or interflow, is re-

{

leased from an unsaturated store directly below the root
zone. Input to the store is EDRAIN. Output from the store
is interflow (INTFLO) and deep percolation to the groundwa-
ter storage (UDRAIN). Total drainage (TD) from the unsatu-
rated zone is calculated in a manner analogous to drainage
from the root zone, as a poéer law function of the ratio of
water in the storage (UZDNE) to the total zone depth

i

(UZDEP) .
TD = UKEINT X (UZONE / UZDEP)ur=sLe

where UKEINT and UKESLP are soil parameters obtained from

moisture release curves. Losses to evapotranspiration are
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not removed from the unsaturated zone. The total drainage

is arbitrarily divided into deep percolation to the ground-
water store (UDRAIN) and interflow (INTFLO). The fraction

of drainage going to interflow may also be calculated by

model calibration.

Groundwater Flow. Groundwater flow is released from

the groundwater store. Federer and Lash assumed groundwater
flow (GWFLO) was equal to a constant fraction (0.005) times

the amount of water in the store (GWZONE):
GWFLO = 0.005 x GWZONE.

Evapotranspiration from the groundwater store is assumed to

not occur.

Channel Flow Routing. All storage releases are summed

at the outlet for each time step.

Stanford Watershed Model

Modeling Approach

No discussion of watershed models can be complete with-
out mentioning the Stanford‘Watershed Model (SWM) (Crawford
and Linsley, 1966). GSWM was one of the first general pur-—
pose watershed models developed and applied with success
(Fleming, 1975). The model has been used world-wide and has
undergone numerous revisions. The model is mentioned here,
not because of its suitability or non-suitability for model-

ing forested watersheds, but because it has been used as



the hydrologic component in two water quality models, the
Non—-Point Source Model (Donigian and Crawford, 1976b) and
the Agricultural Runoff Modgl (Donigian et al., 1977) dis-—
cussed in a later section.

SWM is essentially a lumped-parameter deterministic
model of watershed hydrolog* (Fleming, 1975). SWM produces
continuous simulations of streamflow at increments as small
as 15 minutes. Small wate%sheds that comprise a largér
basin may be modeled as luméed basins and linked via channel
routing. Functions that moéel the various hydrologic pro-
cesses have changed in the éifferent versions of SWM. Func-
tions and parameters of the Stanford Model IV, as summarized
by Fleming (1975), are disc@ssed here. SWM IV, contains 34
parameters, 4 of which must}be optimized through calibration
with known streamflows. Thérefore, the model has limited

!
applicability to ungaged watersheds.

Hydrologic Processes

recipitation.  Time increments as small as 15 minutes

may be used. SWM also accepts snow as precipitation input

to the watershed.

Interception. Interception is modeled using the simple

storage equation
S: = (P % Do) — Esn

where S: is the change in interception storage, P is the

precipitation per unit area, D. is the canopy density, or
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fraction of total area covered, and E.~n is the evaporation
from storage. Throughfall occurs from the fraction of the
area not covered by the canopy and when the interception

store is full.

Infiltration. Infiltration is treated as a function of

soil moisture storage and time.
fe = (INF)/(LZSe—2/LISN)®

where fg is the mean infiltration capacity at time t (in),
INF is a parameter related &D s0il characteristics (in),
LZSe~1 is the'actual soil m%isture at t-1 in the lower soil
zone (in}), LZSN is the fiela capacity of lower soil zone
(in), and b is an exponent,}normally equal to 2. Spatial
variability in infiltrationicapacity is accounted for by
fitting infiltration capaci&y to a linear frequency distri-
bution. From the distribut&on, one may calculate the per-

cent of the watershed area having a particular infiltration

capacity.

Surface Runoff. A surface storage, or detention stor-

age, technique is used to s?lve the continuity egquation of
overland flow. The surfaceistorage consists of a plane hav-
ing an average slope (SS) and average length (L). The depth

of storage-discharge relationship uses a modified form of

Manning ‘s equation.

g = 1.486/n 88* = X (D/L)E’E x [1.0 + 0.6(D/Dg)=]="=



where g is the discharge from the overland flow plane, n is
Manning’'s coefficient of surface roughness, D is the current
level of surface detention storage, and De. is the surface
detention storage at equilibrium.

During receding flows, D/De is assumed to be 1.0. The
current depth of surface detention storage (D) is calculated

by solving the continuity equation.

Dz=Dl+D_th

where Dz is the detention storage in present time interval,
D, is the detention storage in previous time interval, D is
the rainfall excess added during time interval, g is the
outflow from the overland flow equation above, and At is the

modeling time increment.

Variable Source Area. None per se. However, the

infiltration distribution does account for impervious, or

presumably saturated areas.

Channel Interception. Channel interception is ac-—

counted for by assuming the stream channel is a permanently

saturated area.

Evapotranspiration. Actual evapotranspiration (Ea.) is

calculated as a function of the potential rate (PET) and the

soil moisture deficit (LZS/LZISN).

Ea = PET % (LZS/LZSN)x B
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where B is the portion of residual PET applied to soil stor-
age. The potential evapotranspiration may be calculated
from daily evaporation pan data, or from an evapotranspira-
tion equation.

Actual evapotranspirétion from the lower soil zone
(root zone) is represented gy the evapotranspiration

opportunity (r).
o= [0.25/(1.0-K3)IX[LZS/LZSN]

where r is the evapotranspiration opportunity (in or mm),
and K3 is a vegetation areal cover index. The evapotran-
spiration opportunity repreéents the change in evapotranspi-
ration over time as soil anﬁ vegetative characteristics
change. Evapotranspirationsis removed from all soil zones

and the groundwater storagee

Soil Water Balance. Two soil water storages, an upper
zone and a lower zone are mbdeled. The upper soil zone is
an infiltration control zoné that is immediately responsive
to rainfall., The lower soih zone represents storage from
near the surface down to the capillary fringe. The lower
soil zone is assumed to contain the majority of plant roots.
Input to the lower soil zon% includes gross infiltration and
drainage from the upper soi; zone. Draimnage from the upper

I

soil zonme (D,) is given by

D- = 0.1 % INF X UZSN %[ (UZS/UZSN) - (LZS/LZISN)]
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where INF is the gross infiltration, UZSN is the nominal
upper soil zone storage, LZISN is the nominal lower soil zone
storage, UZS is the actual upper soil zone storage, and LZS
is the actual lower soil zone storage. Outflow consists of

evapotranspiration, drainage, and subsurface flow.

Subsurface Flow. The quantity of water allocated to

subsurface flow, or interflow, is calculated using an empir-

ical function of the local infiltration rate.

fe=f + f X (c-1)

|
where f. 1s the total meaniinfiltration capacity, f is the
mean infiltration capécity:of an area, and c is an interflow
component that is a function of the soil water deficit.

The volume of interfléw storage (SRGX) is calculated
using the linear frequency;distribution for infiltration and
f{c—-1) from above. Interfiow (gs) is calculated as a func-
tion of the quantity of water in interflow storage (SRGX)
and the daily interflow recession rates (IRC) obtained from

observed hydrographs.
Qs = [1.0 - (IRC)*"7"2] Xx SGRX

The term 1/96 converts the daily rate to a 15 minute time

interval.

Groundwater Flow. The quantity of water in the

groundwater storage is given by

{Sgwle = {Sgwle—2 + pat - ggat - c At -~ Qagat
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where Sgu. is the groundwater storage at times t and t-1, p
is the seepage rate to the groundwater store, q¢ is the
groundwater flow rate, c is the upward flow rate due to cap-
illary rise, Quag is the deep percolation to an inactive
groundwater store, and At is the simulation time increment.
The ground water flow rate is a function of the storage

(Sgw) and observed recession rates.

e = [1.0 - (KK24)*7%4][1.0 + KV X 5)% Sg.

where KK24 is the Dbserve& daily groundwater recession,
1/96 is a conversion factoE that converts daily time to 15
min increment, KV is a variable groundwater recession param-
eter, and S is the groundwéter slope (fixed value, GWS, +

incremental slope based on inflow).

Channel Flow Routing.  Time delay histograms of flow

from each watershed are lagged and summed.

USGS Precipitation-Runoff Modeling System

The USGS Precipitation-Runoff Modeling System (PRMS)
(Leavesley et al., 1983) was developed to provide continuous
daily or storm event predictions of streamflow and sediment
transport from watersheds under various land uses and cli-
matic regimes. PRMS is a distributed parameter, determin-
istic, physical process model. All hydrologic processes are

described using known relationships, or empirical relation-
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ships that have physical meaning. The modeling system is
modular in structure to allqw for the linking of the hydro-
logic core model to a libraﬁy containing subroutines. The
library contains individualjsubroutines for snowmelt, sedi-
ment transport, parameter Dqtimization, and other hydrologic
process routines. |
Hydrologic processes are modeled as a series of linked
storage reservoirs. Surfacé runoff and channel flow are
modeled using kinematic wave routing procedures. Watershed
hydrology may be simulated in a daily or storm mode. The
storm mode has a 1 minute minimum simulation time interval.
All parameters may be lumped for a watershed. To run
PRMS in the distributed parémeter mode, the watershed is
broken down into hydrologiciresponse units (HRU's). Hydro-—
logic processes are conside;ed to be homogeneous in each
HRU . Water balance and enérgy balance are computed daily
for each HRU. Partitioning of a watershed‘into HRU s may be
done on the basis of vegeta%ion, land use, slope, aspect,
and soil type. Soil zone r;servoirs and groundwater reser-
r
voirs may be defined for th% whole watershed or the individ-
ual HRU's. |
A second, more detailed level, of partitioning is
available for storm hydrogr%ph simulation. A watershed can
be broken into flow planes for surface runoff routing and
channel segments for channeﬁ routing. An HRU can be con-—

sidered a flow plane, or be;divided into a number of flow
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planes. Up to 50 overland flow planes and 50 channel

segments may be designated.

Hydrologic Processes

Precipitation. Break point or daily precipitation val-

ues may be used. The model contains an algorithm to calcu-
late whether the precipitation is rain, snow, or a mixture
of rain and snow, based on maximum and minimum daily temper-—

atures.

|
Interception. Interception is calculated as a function

of the seasonal cover density (COVDN, COVDNS and COVDNW for
summer and winter, respectively) and the available storage
of the predominant vegetation (STOR). The net precipitation

(direct precipitation + canopy wash) is
PTN = [PPT % (1 - COVDN)] + (PTF + COVDN)

where PPT is the incoming precipitation, and PTF is the
precipitation falling through the canopy. PTF is calculated
as a function of maximum storage (STOR) and thé current
level of canopy storage (XIN).  For PPT greater than the
guantity (STOR-XIN), PTF is equal to PPT - (STOR - XIN).
For cases where PPT is less than the quantity (STOR-XIN),
PTF is equal to zero.

STOR is defined for séason and precipitation form.

|

Evaporation from the canopy is assumed to occur at the free-
I

water surface rate (EVCQN)i EVCAN is equal to the pan
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evaporation rate, or calculated from the potential evapo-

transpiration rate (PET).

EVCAN = PET/EVC(MO)

where EVC = the evaporation pan coefficient for month MO.

Infiltration. Infiltrétion for storm mode calculations

is calculated using a modified form of the Green-Ampt equa-
tion.

|

FR = KSAT % (1.0 + PS/SMS)

where FR is the point infil&ration capacity (in/hr), KSAT is
the hydraulic conductivity %f the transmission zone (in/hr),
PS is the product of capilléry drive and moisture deficit
(in), and SMS is the currebt accumulated infiltration (in).
PS is calculated as a linear function of the ratio of the

|

current moisture (RECHR) to the maximum moisture storage in

the recharge zone (REMX) ovér the range of PS.

PS = PSP X% [RGF - (RGF - 1) % (RECHR/REMX)]

|

where PSP is the value of PS5 at field capacity, and RGF is
the maximum value of PS. Net infiltration (FIN) is equal

to PTN - PTN=/2FR, for cases when PTN is less than FR.

Surface Runoff. Rainféll excess is routed over the
flow planes by a kinematic ﬁave approximation. All flow

planes must discharge to a ¢hannel flow segment.



Variable Source Area. The daily runoff mode calculates

the contributing area using a either a simple linear or non-—
linear function of soil moisture. The percent of HRU area
contributing to runoff (CAP) at a particular time is calcu-

lated using the linear relationship
CAP = SCN + [(SCX - SCN) X (RECHR/REMX)]

where SCN is the minimum possible contributing area, SCX is
the maximum possible contributing area, RECHIR is the cur-
rent available-water in reﬁharge zone, and REMX is the maxi-
mum storage capacity of the recharge zone.

The nonlinear method uses a soil moisture index (SMIDX)
equal to the sum of the current available soil water plus

one—half of the daily net precipitation.
CAP - SCN * 10(BC1*8MIDX)

where SCN and SC1 are coefficients calculated from direct
measurements of soil moisture and streamflow.
The coefficients may also be calculated from initial

runs of the model using a regression technique of the form
logCAP = a + b % SMIDX

where SCN is equal to 102 and SCl1 is equal to b. Surface
runoff is equal to CAP multiplied by the net precipitation.
The variable source area cohcept is not used in the storm

mode calculations.
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Channel Interception. Channel interception is not

specifically mentioned in the model. However, channel
interception may be regarded as the minimum contributing

area (SCN).

Evapotranspiration. Evépotranspiration is computed on

a daily basis. Three methods of calculating potential
evapotranspiration, based on pan evaporation, mean daily air
temperature and possible hours of sunshine, and daily solar
radiation, respectively, are available. The mean daily
temperature method is used in the BROOK model, discussed be-
low. Potential evapotranspiration (PET) from pan data is

computed by
PET = EPAN X EVC(MO)

where EPAN is the daily pan—-evaporation loss (in) and
EVC is the monthly pan coefficient for month MO. PET using

the daily solar radiation option is
PET = CTS(MO) w (TAVF — CTX) % RIN

where TAVF is the mean daily air temperature (=F), CTS is a
coefficient for month MO, CTX is a coefficient, and RIN is

the daily solar radiation ekpressed in inches of evaporation

potential. The monthly correction coefficient CTS corrects

|
for under estimation of PET by the method during winter

months.

CTS = [C1 + (13.0 % CH)]—*

36



37

where Cl1 is an elevation correction factor equal to
68.0 -[3.6 ¥ (median elevation in feet/1000)], and CH is a
humidity index equal to: 50/(e2-el). The constants e2 and
el are equal to the saturation vapor pressure (mb) for the
mean maximum air temperature for the warmest month of the
year, and the saturation vapor pressure (mb) for the mean
minimum air temperature for the warmest month of the year,
respectively.

The coefficient CTX , calculated for each HRU, is

|

CTX = 27.5 - 0.25 % (e2-el) —~ (median HRU elevation in
feet/1000)

Actual evapotranspiration (AET) is computed as a func-
tion of the ratio of the ackual moisture storage to the max-
imum moisture storage in th% soil zone. AET is assumed to
equal PET when moisture is not limiting. PET is satisfied
from the interception, deteﬁtion, and snow pack storages
first. The remaining PET démand is divided between the
recharge and lower soil zones. The ratio of AET to PET for

different percentages of makimum water storages and soil

textures are presented by Leavesley et al. (1983).

Soil Water Balance. The soil zone is divided into a

recharge zone and a lower zone {(Figure 4). The depth of the
soil zone is defined as the rooting depth of the predominant
vegetative cover. Water lo%ses from the recharge zone are
from evaporation and transpiration. Losses from the lower

zone are from transpiration only. When the maximum storage



capacity of the recharge zone (SMAX) is filled, water flows
to the lower zone. Water in excess of the lower zone maxi-

mum storage (LZMX) enters the subsurface flow reservoir.

Subsurface Flow. A nonlinear subsurface reservoir is

used to simulate subsurface flow. Inflow to the reservoir
is provided by water in excess of the maximum moisture stor-
age content of the soil reservoir. Outflow from the subsur-

face flow reservoir (RAS) is given by
RAS = RCF % RES + RCP % RES=

where RCF and RCP are coefficients, and RES is equal to the

reservoir storage. The equation above i1s combined with the
continuity equation (dS/dt = inflow - outflow) and solved
for the initial condition where RES = 0. For a given time

increment, RAS is given by

RASX t = INFLOWX t + S0S5 % (1+(RCP/XK3)*S0OS)xX(1l-e—xm= *)

1+(RCP/XK3)X%S0OS* (1-e-XK3 t),

where S80S

RES. - (XK3—RC?)/(2*RCP), XK3 = (RCF= + 4 x RCP

X INFLOW)*-=, and t is the éimulétion time increment.
Estimates of the routing coefficients may be obtained

from analysis of hydrograph recession curves. RES and RAS

may be calculated using
RES = — RAS / logaK.

where K, is the subsurface recession constant for t=lday.
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Each HRU may have its own subsurface reservoir, or IN-
FLOW may be combined into one reservoir from several HRU's.
OQutflow from the subsurface reservoir to the groundwater

reservoir (GAD) is given by

GAD = RSEP X (RES/RESMX)m=xr

where RSEP is a daily recharge coefficient, RES is the cur-
rent storage in subsurface reservoir, and RESMX and REXP are

coefficients.

Groundwater Flow. Groundwater flow i1s modeled as a

linear reservoir. Input to the groundwater reservoir is
provided by direct seepage ﬁrom the soil zone (SEP) and out-
flow from the subsurface flow reservoir (GAD). Outflow from

the groundwater reservoir is given by
BAS = RCB % GW

where BAS is the base flow in acre-inches, RCB is a reser-
voir routing coefficient, and GW is the groundwater storage
(acre—-in).

The groundwater reservoir routing coefficients may be
calculated using the same procedure described above for
calculating the subsurface flow reservoir routing coeffi-
cients. Recession curve analysis may be used to estimate
the groundwater recession constant. The model also allows

for deep seepage losses to areas outside the watershed.
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Modeling Approach

The field scale model for Chemicals, Runoff, and Ero-
sion from Agricultural Mampagement Systems (CREAMS), is a
lumped parameter deterministic model designed to predict
streamflow and sediment and chemical transport from small
agricultural watersheds (Knisel, 1980). The hydrology com-
ponent contains two options, daily runoff, using the SCS
runoff Curve Number method, and individual storm analysis,
using breakpoint precipitation data (Smith and Williams,
1980). The model is capable of supplying continuous predic-
tions for a time period of interest. Soil water storage and
evapotranspiration are calculated on a daily basis in both
hydrology options. The model is designed for use on small
(<40 ha.), or field scale, agricultural watersheds.

The model is essentially physically-based, in that
parameters may be obtained directly from field measurements.
The ten parameters required for the breakpoint hydrology op-
tion are effective hydraulic slope, effective slope length,
Manning's n for the field surface, effective hydraulic
conductivity of the soil, effective capillary tension, soil
evaporation, soil porosity, the percent of available water
storage at field capacity, soil water content at 13 bar ten-

sion, and leaf area index.
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Hydrologic Processes

Precipitation. Break point or daily inputs are used.

Interception. SCS Curve Number method is used to

calculate initial abstractions.

Infiltration. Infiltration is calculated using a modi-

fied form of the Green and Ampt equation.
Kat = F = ®H=(S0-5i)1n [1+ F/0Hc(So-S.)]

where K, is the effective Eaturated conductivity, t 1is the
time from start of ponding, H:z is the effective capillary
tension, F is the cumulativé depth of infiltration, S5 is
the beginning saturation, S} is the interval saturation, and
® is the soil porosity.

The infiltration rate for_a time interval (f = dF/dt)
is estimated by a finite difference technique and a series

approximation for the natural logarithm, so that
F = 4AIGD + F] + (F-A)= + A - F

where A = Kq t/5, 6 = Hey, D = ®#(So-S:), and @ is the soil
porosity. Rainfall excess@is calculated by subtracting the
average infiltration for the time interval from the interval

precipitation.

Surface Runoff. Rainfall excess is routed over the

land surface using a kinematic wave approximation. An

equivalent single plane with an effective hydraulic slope



and an effective slope length is used to represent the wa-
tershed surface. Chezy’'s equation of open channel flow is

used as the storage-discharge equation.

Channel Interception. No channel interception is pro-

vided.

Evapotranspiration. The evapotranspiration term in-—
cludes direct soil evaporation and losses due to plant use.
Potential evapotranspiration (Es) is calculated daily using

the Ritchie equation.
Ec = 1.28 Ho /(A +n)

where A==(5304/T2)*e‘2i-255-5394/T>, T is the mean
daily temperature in degreeé K, Ho = (1-L)R/5B.2, R is the

mean daily solar radiation,? L is the albedo for solar radi-

ation, and N is a psychrométric constant.

Soil and plant evaporation are computed separately.
|

i
i

Soil potential evapotranspiration is computed as an exponen-—
tial function of Es and leaf area index. Actual soil evapo-
ration is limited by a soil;water transmission coefficient.
Plant use evaporation (tran$piration) is a function of the
crop type and leaf area indéx, and is limited by available

s0il moisture at the 15 bar wilting point.

Soil Water Balance. Tﬁe soil water balance is calcu-
lated on a daily interval. The soil is divided into a sur-
face zone and a root zone. The surface zone controls infil-

tration. The surface zone is subject to soil evaporation
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and evapotranspiration from plants. The root zone extends
to the maximum rooting depth. It is subject to evapotran-
spiration losses during the growing season. The soil water

budget equation is given by
SM_{_ = SM_{—:L +Fi - ET_{ - Di + M:L

where F: is the infiltration on day i, ET. is the plant and
soil evapotranspiration, 04 is the seepage below the root
zone, M, is the snow melt, and SM, is the soil water storage

in the root zone.

Soil Water Flow. The model contains no lateral subsur-

face flow component. Water leaving the root zone (0. in the
equation above) is accounted for, but not included in runoff
calculations. Percolation from the upper soil zone to the
root zone (Qe) is a function of the positive difference in

saturation between the two zones.

where ge 1is the flow from upper to lower zone, S« is the
saturation by volume in surface zone, S5 is the saturation
by volume in root zone, Cs is a coefficient, normally 0.1, o
is the soil porosity, and Da is the depth of surface zone
(2-5 cm). Percolation from the root zone occurs when the

water content exceeds field capacity.
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TOPMODEL

Modeling Approach

i
TOPMODEL is a deterministic, distributed model of

watershed hydrology (Bevin and Kirkby, 1979). TOPMODEL is
capable of providing a continuous simulation of streamflow
at small time increments over a desired time interval. The
model is composed of five linear and non-linear reservoirs,
each of which represent hydrologic processes. A major fea-
ture of the model is the inclusion of a variable contribut-
ing area routine. The area: and dynamics of the variable
contributing area are contrplled by topographic features and
the rate of subsurface inflow from the hillslope above.

The watershed is divided into sub-basins, based on
whether convergence or divefgence of flow occurs as a result
of topography. The sub-basins are further divided into seg-
ments along contour lines. Calculations of soil water bal-
ance, surface runoff, and subsurface flow are made on a
time, hillslope segment, ana sub-basin basis. Sub-basins
are linked to the channel 5§stems by a routing function.

TOPMODEL was improved (Bevin and Wood, 1983) and tested
on three United Kingdom watersheds (Beven et al., 1984).
TOPMODEL was later adapted to model a forested watershed in
Virginia (Hornberger et alﬂ, 1985). The Virginia model,
which represents the latesg version of TOPMODEL, will be

discussed here. All of the parameters may be measured in
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the field, or from topographic maps. Therefore, TOPMODEL

may be used to model ungaged watersheds.

Hydrologic Processes

Precipitation. Any break point time increment may be

used in the model. The model was designed only for rain-

fall.

Interception. The interception store contains two

stores, an interception store (SINT), and a litter layer
store(SL). The inputs, outbuts, and changes in storage are
calculated on a basin wide scale. Water is routed through
the litter layer to account for changes in water chemistry
as it passes through the litter. Direct throughfall (DTF)
is allowed to occur before the interception store is filled.
Evaporation from both stores occurs at a decreasing rate
proportional to the quantity of water in storage and the

maximum storage.

Infiltration. All raihfall is assumed to infiltrate on

unsaturated hillslopes.

Surface Runoff. Surface runoff is assumed to occur

only from the saturated variable contributing area. No
hillslope surface routing function is used. Surface runoff
is assumed to reach the channel system during the same time

interval in which it is generated.



Variable Source Area. The calculation of subsurface

flow and the variable source area are both related to a to-

pographic shape variable given by
In(a/tanB)

where a is the the upslope (area drained through a point, per
unit width of contour length, and tanmB is the gradient of
the slope, assumed to be constant for each sub-basin.

Values of 1n(a/tanB) are large for convergent topogra-
phy, and small for divergeat topography. From numerous
point measurements of a/tanB over the sub-basin, an overall
distribution, or an averagé value for 1n(a/tanB) may be ob-
tained. Watershed sub-basins are divided into topographic
increments, based on average 1n(a/tanB). All variable con-
tributing area and subsurface flow calculations are per-
formed for each time and 1In(a/tanmB) increment in each sub-
basin.

The saturated storage deficif (SD) for any value of
In(a/tanB) is related to an average sub-basin storage

deficit (S) by
Sh =6 + (m/A)J; In(astanB)dA - mln(a/tanB)

where m is the recession constant of the subsurface reser-—
voir. Saturated topographi? increments have an SD £ O,

whereas for unsaturated increments, SD > 0. The water bal-
ance for each topographic increment is calculated for each

time step. The area included in a 1In(a/tanB) increment is
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added to the contributing area when the incremental storage
becomes saturéted (SD=0), or is deleted when the incremental
storage becomes unsaturated (SD >0). The contributing area
may be obtained from an Ac/A vs. 1In(a/tanB) distribution

calculated from watershed topography.

Channel Interception. The area of the watershed

containing the stream channels and the surrounding riparian
areas are assumed to be saturated. Throughfall falling into
the channels and riparian areas is assumed to be immediately

available to streamflow.

Soil Water Balance. Two storage elements are used to

account for water in the soil and vertical percolation.
Calculations for both stores are made by topographic segment
In(a/tanB). One store (SRZ) represents the quantity of wa-
ter below field capacity of the soil. The other store
(SUZ) represents the quantity of water in the soil above
field capacity that is available for vertical percolation to
the delayed flow reservoir. Additions to SRZ includes all
water infiltrated. Evaporation is removed from the SRZ
store at a rate proportional to the potential rate and the
fraction of the maximum storage filled. Evaporation is

given by

evaporation = PETX(SRZ/SRZIMAX)EFwWR



where PET is the potential evaporation, SRZMAX is the maxi-
mum storage in the zone, and EPWR is an evaporation parame-
ter.

The percolation storage, SUZ, is assumed to behave as a

linear reservoir. Vertical drainage (GV) is given by

Qv = SUZ x UO/SD

where U0 is a constant parameter and SD is the saturation
deficit. Under normal conditions, water does not reach the
SUZ until evaporation in the SRZ store is satisfied. How-
ever, a fraction of the infiltrated water may be assumed to
travel directly to the SRZ store if desired. Evaporation is

not removed from the SUZ store.

Subsurface Flow. Subsurface flow is calculated from

each topographic segment in a sub-basin as release from a
non—-linear delayed flow reservoir (S=). Input to the reser-
voir is provided by release from the SUZ store. Subsurface
flow (GB) is an exponential function of the ratio of the
saturated zone deficit to the maximum saturated zone storage

(SZMAX) .
GB = SZQxe¢-=/=zM>

Groundwater Flow. Groundwater flow is assumed to em-—

anate from the delayed flow reservoir. Since evaporation is
not removed from the delayed flow reservoir, the model is
not suitable for prediction of flows from watersheds with

prolonged groundwater components.

48



49

Channel Flow Routing. Runoff produced during each time

step (and for each sub-basin) is uniformly distributed over
a number of time steps, as a function of maximum channel
flow distance (DTW) and a constant channel kinematic wave

velocity parameter (SUBV).

SDAHL

Modeling Approach

USDAHL is a deterministic, semi-empirical, semi-dis-—
tributed model of watershed hydrology (Holtam and Lopez,
1971). The model was designed primarily for small agricul-
tural watershed engineering planning. USDAHL can predict
streamflow on an annual, monthly, daily, or event basis.

The model is semi-distributed because the watershed is
divided into several (minimum of 1) hydrologic response
zones. Soil moisture storage, infiltration, actual
evapotranspiration, land use, and surface and subsurface
flows are calculated for each response zone. Other pro-
cesses and their parameters are lumped for the entire water-
shed. Surface and subsurface flow generated in a response
zone is cascaded to the next downslope zone, until the flow
reaches a stream channel. The hydrologic response zones are
delineated on the basis of soil properties, cropping system,
and land use. The zones also represent the natural eleva-
tional sequence of uplands, hillslopes, and bottom lands.
Bottom lands near streams ffequently become saturated source

areas. Soills within each response zone are divided into



layers, representing soil horizons. Flow separation of per-
colation and éubsurface flow from each soil layer is calcu-
lated by the model.

USDAHL has a large input requirement of 72 parameters.
Parameters are arranged in four groups, watershed
characteristics, soils, land use, and hydraulic properties.
However, many of the parameters are required to represent
the agricultural cropping system. Many of the parameter
values are obtainable from soil surveys, maps, or direct
measurement. Other parametérs may require evaluation by
calibration. Therefore, the model may not be suitable for
ungaged watersheds.

Al though USDAHL was noﬁ designed specifically for small
forested watersheds, it does have potential for use, after
some modification, on foreséed watersheds. USDAHL is, how-
ever, structured to supply flow information for water qual-
ity modeling (Campbell et al., 1983). Water quality parame-—
ters from respective zones and sources are stored in a sub-
routine called POLLUT. USDAHL has also been used as the hy-
drologic component in the Agricultural Chemical Transport
Model (ACTMO) (Frere, et. al, 1975). ACTMO is discussed

herein, in the water quality modeling section.

Hydrologic Processes

Precipitation. Breakpoint precipitation data is re-

quired for individual storm simulation. Daily rainfall data

may be used for daily or longer simulation periods.
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Interception. No forest canopy interception model is

included in the model.

Infiltration. USDAHL uses the Holtan model of

infiltration.
f = 6GI x a x (SA)*-2 + f

where f is the infiltrationjrate, GI is a crop growth index,

SA is the available storagegin the surface layer, a is an
|

index of surface—-connected Qorosity, and fo is the constant
rate of infiltration after ﬁrolonged wetting (equal to the
saturated hydraulic conductivity).

Drainage from the surface layer, or infiltration con-
trol zone, occurs when grav;tational detention storage is
exceeded. The infiltration éarameters are measurable soil
properties. A routine to account for surface depression

storage is also included.

Surface Runoff. Rainfall excess is routed as surface

runoff across each responseizone and cascaded through subse-
quent down slope zones. Infiltration of surface runoff in
subsequent zones is accounted for. Surface runoff depth is

calculated using a form of the continuity equation given by
Pe-Q@ = dD

where Pe is the rainfall excess rate (in/unit time) includ-

ing input from the neighboring upslope zone, Q@ is the out-
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flow rate (in/unit time), and dD is the change in depth
(in).
The average depth of flow (D) is routed over the sur-

face using the kinematic wave approximation
Qo = abrm

where qo is the surface runoff rate (in/unit time), a is a
coefficient of roughness, slope gradient, and slope length,
and n = 3.0 for laminar flow and 1.67 for turbulent flow.

Surface roughness and slope characteristics are measurable

parameters.

Variable Source Area. No variable source area routine

is included. However, saturated source areas tend to occupy
bottom land areas near strea& channels. A hydrologic re-
sponse zone can be delineated to represent such an area.
Additionally, soil characteristics often follow drainage
patterns. The slope, contributions of flow from upslope

zones, and soil properties in the streamside zone, may

cause the zone to behave as a saturated source area.
|

Channel Interception. No accounting of channel

interception is made in the model.

Evapotranspiration. Potential evapotranspiration (PET)

is calculated from weekly pan evaporation data times

evaporation coefficients for crop growth

PET = GI ¥ k X Eg X [(5-SA)/AWC]x
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where GI is the growth index of crop in % of maturity, k is
the ratio of GI to pan evaporation (usually 1.0-1.2 for
grasses and 1.6-2.0 for forests), Eg is the pan evaporation
in inches per day, S is total soil porosity, SA is the
available soil porosity, AQC is the porosity drainable only
by evapotranspiration, and X is set equal to AWC/gravity
water. Evapotranspiration‘losses are calculated on a daily
time basis. Evapotranspiration is removed only from the up-

per two soil zones that comprise the root zone.

Soil Water Balance. The soil zone may be divided into

a number of layers to represent different soil horizons.
The water balance of each zone for each time step is equal
to the inputs minus the outputs. Input to a layer store is
seepage from the layer abové. Output is the sum of seepage

to the layer below and subsurface flow.

Subsurface Flow. USDAHL allows for the modeling of
subsurface flow from any or all of up to four soil layers.
Subsurface flow regimes are considered to be sequential.

The change in storage from a soil layer store is calculated

using
S = m’Aq

where m'is the slope of a sfraight line section of the
hydrograph recession curve, andaq is the flow rate at the
point where straight 1line ségments of the recession curve

intersect.



Values of m are assumed to represent the release from
successiVE'fldw regimes, including the channel (m<) and the
soil layers (mi,...ma). Outflow from each soil layer stor-
age is calculated sequentially, using the outflow from the
previous soil layer storage as input. Outflow from a stor-

age unit is calculated using
Qs = (2 AIl)/(2m +At) + gQi—a2 % (2m - At)/(2m +At)

where q: is the flow from tHe ith storage, gqi-1 is the flow
from the preceding storage,. m is the recession slope for
respective storages, and At is the time step. The calcula-
tion of the subsurface flow recession constants requires a
streamflow record from a period of little or no evapotran-

spiration.

Groundwater Flow. Seepége from the preceding soil
storage provides input to the groundwater storage. Flow
from the groundwater storage%is calculated using the equa-
tions for subsurface flow digcussed above, with the appro-

priate recession constants.

Channel Flow Routing. A linear reservoir function is

used to route channel flow.

FESHM

Modeling Approach

The Finite Element Storm Hydrograph Model (FESHM) is a

single event, deterministic, distributed parameter model of
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watershed hydrology (Smolen et al., 1983). The model
adopted the distributed approach to model varying rates of
erosion and water yield resulting from different land uses
and agricultural practices. (Ross et al., 1980). FESHM was
specifically designed for usé on ungaged watersheds. The
model parameters may be evaluated by direct measurement or
from soil surveys and topogfaphic maps.

In order to account fof the distributed nature of soil
properties, land use, and topography, FESHM uses two dis-
cretization schemes to break the watershed into homogeneous
components. The first discretization scheme breaks the
watershed into Hydrologic Response Units (HRU's) based on
infiltration properties of the soils. The second scheme
breaks the watershed into a number of topographic units.
Subsheds are created by delineating areas draining into ma-
jor tributaries. Subsheds are divided into overland flow
strips, based on slope and éverage overland flow direction.
Overland flow strips are fugther divided into overland flow
elements to account for spatial variability in overland flow
direction. The equations of motion are solved, using a fi-
nite element numerical meth;d, for each flow element. The
sequence of operations in FESHM is as follows. Rainfall ex-—
cess is first calculated for each element. Later, overland
flow for each flow strip is calculated and stored in an ar-
ray. Finally overland flow% are routed through the chan-

nels.
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The watershed discretization scheme and the solution
to the flow equations taken in FESHM is similar to the ap-
proach taken in ANSWERS (Huggins and Monke, 1968). However,
whereas ANSWERS uses a grid of square elements, FESHM uses
a variable shaped grid to better represent watershed topog-
raphy. To date, FESHM contains no interception or subsur-
face flow routines. FESHM was also designed to be used to
predict erosion and sedimentation from watersheds. The ero-

sion and sedimentation scheme will not be discussed here.

Hydrologic Processes

Precipitation. Break point rainfall data is required

for storm simulation.

Interception. FESHM contains no interception compo-

nent. The lack of an interception component was assumed to
be not limiting for large, High intensity storms, but may
limit the use of FESHM for simulating flows resulting from

low intensity storms (Smolen et al., 1983).

Infiltration. Infiltration is calculated using the

Holtan equation. the infiltration rate (in/hr) is given by
F = GI x a X 8™ + Fc

where GI is a monthly vegetation growth index, a is an in-
|

dex of cover density, S is ﬁhe available pore space (in), n

is the ratio of gravitational water (GW) to plant available

water (PAW)}, and Fc is the final infiltration rate (in/hr).



Total infiltrated and rainfall excess volumes are talculated
by numerically integrating the equation above over each time

step.

Surface Runoff. Rainfall excess is routed across each

flow element as overland flow. The flow direction is calcu-
lated from topographic maps. Each element is considered to
be a flow plane. An average flow length and plane slope are
calculated for each element{ Overland flow length is taken
as the longest flow path inithe element, adjusted by a fac-
tor of two thirds. The areaLweighted average rainfall ex—
cess is treated as a lateral input to the plane. The conti-
nuity equation is solved for each element and time step.

Manning's n is used to estimate the surface roughness.

Variable Source Area. No variable source routine is

provided.

Channel Interception. Channel interception is not in-

cluded.

Evapotranspiration. Evapotranspiration was considered

to be inconsequential during a large storm event.

Soil Water Balance. Only rainfall excess as overland

flow is modeled by FESHM. However, an algorithm is provided
to calculate the antecedent moisture condition. The algo-
rithm requires a thirty day sequence of precipitation val-

ues, and an estimate of monthly evapotranspiration.
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Subsurface/Groundwater Flow. Neither flow is modeled

in FESHM.

Channel Flow Routing. Channel flow routing is computed

analogously to overland flow. The channel is broken into
elements. Input to a channel element includes flow from the
upstream element and lateral inflow. Lateral inflow from
overland flow strips is divided equally between overlapping
channel elements when channel elements boundaries do not
match strip boundaries. Ro@ting is accomplished by solving
the equations of motion forieach channel element and time

step.

ANSWERS

Modeling Approach

ANSWERS (Areal Nonpoint Source Watershed Environment
Response Simulation) is a deterministic, distributed model
of watershed hydrology and water quality (Beasley et al.,
1980). The model was designed for use on agricultural lands
to predict transport of wat%r and sediment under different
agricul tural management praétices. The parameters and cal-
culations are distributed over a watershed, by breaking the
watershed into a number of square elements. Each element
has its own set of slbpe, sbil, and land use conditions.
Therefore, as land use and égricultural practices change,
parameters in individual elements may be updated. The size

of the elements must be small enough to adequately represent
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a process or change, but not so large, that one element ex-
erts too muchlinfluence on the simulation. The model is
currently only capable of producing event based simulations
in small time increments. Parameters for the model may be
obtained from maps, soil surveys and field measurements,
Therefore, the model is suitable for use on ungaged water-
sheds. The distributed nature of the model also makes it
suitable for modeling variable source areas.

The original concept behind the ANSWERS model was
developed by Huggins and Monke (1968). Flows are calculated

for each element by solving the continuity equation
I - 0 = dS/dt

where I is the inflow rate, 0O is the outflow rate, S is the
storage within an element, and t is the time increment, for
each element.

The continuity equation is solved in the model using a

finite element approach.
I:l. + Iz - 01 + ZSL/At = Gz + ZSz/At

where the subscripts represent the time increment number.
Inflow (I) to an element is the sum of rainfall and all
flows from adjacent elements for each time increment. The
direction of outflow from an element is determined by calcu-
lating an area weighted average slope direction (Figure 3).
The program actually uses the angle of the average element

slope to make the flow separation calculation. Angles are
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measured from the horizontal axis in a counter-clockwise di-
rection. The fraction of outflow going to an adjacent row

element (RFL) is given by

RFL = tan(ANG)/2 when ANG <= 45= , and

RFL = 1 - (tan(?0-ANG))/2 when 45= < ANG < 90= ,

where ANG is the angle of the average slope from the verti-
cal axis.

The remaining fraction of outflow goes to the adjacent
column element. Subsurface flows are assumed to follow the
same average slope direction. Simulation starts at a time
when all of the parameter values for all of the elements are
known. The continuity equation is applied sequentially to
all elements until all conditions are known at one time step
later. The process is repeated at time increments until the
entire storm is simulated.

ANSWERS has been applied successfully in modeling
alternative management practices as part of Sec. 208 plan-
ning in the midwestern U.S5. (Beasley et al., 1982). Re-
cently, Thomas and Beasley (1986, a and b) adapted ANSWERS
to forested watershed appli#ations. The forestry version of
ANSWERS retains the same basic structure of the original

version of ANSWERS. However, routines to model subsurface



"% ANG

“2—~ Direction of

steepest slope

Figure 3. Division of a Watershed Into
Elements and Division of
Area Drained per Element
for ANSWERS (from Beasley
and Huggins, 1981).
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flow as matrix flow and pipe flow in macropores, were added
to more closely represent the physical processes controlling
runoff on forested watersheds. The accounting procedure of
soil water in each element allows for the calculation of
saturated source areas. The forestry version of ANSWERS is
discussed in detail in the following sections. Major depar-—

tures from the original ANSWERS model will be noted.

Hydrologic Processes

Precipitation. Break point data is required for

individual storm simulation. The distributed nature of the

model allows for spatially variable rainfall rates.

Interception. The interception volume for a time

increment (INT) is calculated as an exponential function of
the ratio of incremental rainfall (RAIN) to maximum canopy

coverage interception storage (PIT).
INT = PIT % (1 - exp(-RAIN/PIT))% PER
where PER is the percentage of maximum canopy coverage.

Surface Detention Storage. Water that is detained on

the surface may be infiltrated, aid infiltration, or be

evaporated. Surface detention (STOR) is estimated using

|

STOR = HU x RbUGH X (H/HU) 1/ moueH

where STOR is the depth of stored water, ROUGH is a surface

variability parameter, H is the height above a datum, and



HU is the height of maximum micro-relief. Methods used to
estimate the surface detention parameters are given in the

ANSWERS User ‘s Manual (Beasley and Huggins, 1982).

Infiltration. Infiltration is calculated using a modi-

fied form of the Holtan-Overton equation.
F=FC+ A X (PIV)P/TP

where F is the infiltration rate, FC is the steady state, or
final infiltration rate, A?is the maximum rate in excess of
FC, TP is the total pore sp;ce within a control volume, PIV
is the maximum control voluhe storage before saturation, and
P is a dimensionless coefficient relating the décrease in
infiltration rate with increasing soil moisture.

The control volume for infiltration is defined as the
total soil volume down to an impeding layer. In the origi-
nal version of ANSWERS, the control zone was taken as one-—
half of the A-Horizon depth. Even though infiltration ca-
pacity usually éxceeds rainfall rates on undisturbed
forested watersheds, the control volume concept was retained
so the model could be used on disturbed or mixed-use water-—

sheds.

Surface Runoff. Surface runoff on forested watersheds

usually does not occur, except on impermeable areas or on
saturated source areas. The distributed nature of ANSWERS
does allow for the modeling of impermeable and saturated ar-

eas. Overland flow produced on an element is divided be-
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tween adjacent elements based on the angle of the average
slope directién, as described previously. Surface flow gen-—
erated on an element is routed to an adjacent element in the
next time step.

As in the original version of ANSWERS, the continuity
equation of overland flow is solved by applying Manning’'s

equation as the depth-discharge relationship.

Variable Source Area. In order to model the dynamic

nature of saturated runoff producing areas throughout a
storm, a model must be capable of accounting for the dis-
tributed nature of the soil water budget. By modeling the
spil water budget for each element through time, ANSWERS ac-
counts for the expansion and contraction of saturated ele-—
ments throughout the event. Precipitation falling on satu-
rated areas, saturation overland flow, is rapidly routed
through the element by the surface flow procedure described
above. ANSWERS is also capable of modeling the surfacing of

subsurface flow to become saturation return flow.

Channel Interception. No term for channel interception

is included.

Soil Water Balance/Evapotranspiration. Solving the

continuity equation for each time step effectively calcu-
lates the soil water balance during a storm. Since the
model is an event model, a continuous accounting of soil wa-
ter storage between storms is not made. Evapotranspiration

is assumed to be insignificant during the event. However,
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soil water storage at the beginning of a storm is important.
Beasley and Huggins (1982) suggest that the antecedent soil

water storage (ASM) may be calculated from
ASM = ASML + RAIN - ET - RO - PERC

where ASML is the last knowq soil moisture, RAIN is the
daily rainfall, ET is the dagly evapotranspiration, RO is
the daily runoff, and PERC i% the deep percolation.

ET is calculated using é a coefficient that relates the
~reduction in available soil water as moisture content de-

creases.
ET = CF % SF % PET

where CF is a crop factor or percent of canopy cover, SF is
coefficient of available soil moisture, and PET is the

potential daily evapotranspiration. Calculation of poten-
tial evapotranspiration (PET) uses the empirical relation-

ship
PET = 0.40 X T % [(RS+50)/(T+15)]

where T is the average daiiy temperature in ©C, and RS is

the net daily solar radiation in Langley’'s.

Subsurface Flow. Two;processes of subsurface flow

generation are incorporated in the model, seepage through
the soil matrix and flow tﬁrough macropores. Both processes

are described separately below.
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Seepage Companent. The infiltration control zone of

the original version of ANSWERS was extended to include all
soil down to an impermeable layer and renamed the seepage
element. The assumption is that in an undisturbed forested
watershed all rainfall is able to penetrate the soil until
an impermeable layer is reached. Horizontal flow through
the seepage element is calculated using a form of Darcy’'s

Law.
Qe = KXIXD

where Q. is the volume rate of seepage flow from the ele-
ment, K is the hydraulic conductivity (assumed to equal the
steady state infiltration rate, FC), I is the hydraulic
gradient, assumed fo be equal to the element surface slope
(SC), and D is depth of flow.

Vertical percolation through the seepage element to the
impermeable layer is calculated as a function of the steady
state infiltration rate and the ratio of maximum storage be-
fore saturation to the gravitational water storage capacity.
The equation is analogous to the equation of percolation
through the infiltration control zone of the original ver-—

sion of ANSWERS.
DR = FC x (1-PIV/SWC)™

where DR is the drainage rate from the upper section of the
seepage zone, FC is the steady state infiltration capacity

of seepage element, PIV is the maximum volume of water that
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can be stored in the control zone before saturation, and SWC
is the gravitétional water capacity of the control zone
(total porosity minus field capacity).

Deep percolation through the impermeable layer is as-—
sumed to not contribute significantly to stormflow. The
outflow from the seepage element through the impermeable

layer (FCIL) is calculated using
FCIL = FCIL x [(DIMP-DIP)/(DMAX-DIP)]

where DIMP is thé actual depth to an impervious layer, DIP
is the actual depth to an impeding layer, and DMAX is the

maximum allowable depth to an impervious layer. Values for
the soil depth parameters may be obtained from soil surveys

or field investigations.

Pipe Flow Component. Flow through macropore networks

or "pipes" (Bp) is calculated using an extension of the

Darcy - Weisbach equation.

G, = CON2Z2 % SL®-®=g°-=X(PI)XDIAP=-=%(FFM)—=-*XxPORESXSTOR

where Qp is the volume flow rate, CON2 is a constant and
units conversion factor, SL is the average slope of the ele-
ment in percent, g is gravitational acceleration constant,
PI = 3.14159, DIAP is the average effective diameter of the
pipes, FFM is the pipe friction factor, PORES is the number
of horizontal pipes per unit depth of storage for the width
of the flow surface, and STOR is the depth of water avail-

able for pipe flow.



Evaluation of the parameters DIAP, FFM, and PORES is a
difficult task. Little information exists on macropore
characterization. Thomas and Beasly (1986a) used a repre-
sentative pipe diameter obtained from the literature to es-
timate DIAP. Values for FFM were obtained from calibration
with known streamflows. PORES was calculated using an algo-
rithm in the model called CALPO. The average flow width is
the same as fot the partitibning of surface flow. Macrop-
ores must be slope oriented to contribute significantly to
flow. The number of macropbres is based a relationship be-
tween macropore space and spil depth obtained from the 1lit-
erature. The macropore space that is horizontally oriented

is calculated using
Macropore Space = 1.0 - FCIL/FC

where FCIL is the permeabil&ty of the impeding layer and FC

is the permeability of the Eeepage layer. Assumed upper

and lower boundaries for slppe—oriented, horizontal macrop-

ore space are 350 and 20 pericent, respectively.

Groundwater. Groundwater contributions to streamflow

are considered insignificant because the model is event-

based.

Channel Flow/Routing.  Each surface element that con-

tains a stream channel also contains a channel "shadow" ele-
ment. In elements containing a stream channel, overland and

subsurface flow are routedédirectly into the channel, in-
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stead of the direction of the average slope. Channel flow
routing is acéomplished by solving the continuity equation
between channel shadow elements. Manning’s equation is used
to represent the depth—discqarge relationship of the chan-

nel.

VvSAS I and I1

Modeling Approach

VSAS I and I1 (Variablé Source Area Simulator) are
deterministic, distributed parameter, event simulation mod-
els of forest watershed hydgology. VSAS I, developed by
Troendle (1985), was later #mproved and renamed VSAS II by
Bernier (1985). VSAS modélé a variable source area by di-
viding the watershed into tépographic segments, increments,
and cells. Increasing or décreasing soil water content in
each cell is accounted for during the storm. By doing so,
the area and distribution o% saturated runoff producing
zones are modeled. VSAS soives hillslope soil moisture and
flow equations using measuréble parameters. Therefore, the
model is suitable for use Dﬁ ungaged watersheds. At this

time, the model is consideréd to be in the development

phase.

Hydrologic Processes

Precipitation. Break point precipitation data is used.
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Interception. A simple interception store is used in

VSAS. Throughfall occurs when the store is filled.

Infiltration. All throughfall is assumed to infil-

trate, except on impervious or saturated surfaces.

Surface Runoff. Surface runoff occurs only on imperme-

able surfaces and saturated cells. Water in excess of stor-
age is considered to be surface flow. Surface flow is as-
sumed to reach the stream channel in one (15 min.) time

step.

Channel Interception. The channel is considered to be

part of the saturated area.

Variable Source Area. A major assumption of the model

is that since the variable source area is responsible for
generating stormflow, detaiied modeling of the variable
source area is more important than crude estimates of soil
water content. To accompli;h this task, the watershed is
delineated into hillslope segments having converging and di-
verging flows. Each segment is divided into increments that
run parallel to the stream. The width of the increments is
narrow near the stream and wider near the divide to allow

better delineation of the variable source area. The incre-
{

menting rule is given by

dn = D(n/N)
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where d, is the horizontal distance from the stream to the
upslope boundéry of increment n, D is the horizontal dis-
tance from the stream to thé ridge top, n is the increment
number, starting with 1 at ?he stream, and N is the total
number of increments. |

The increments are further divided into 3-5 soil layers
above an impeding layer, tolform volumetric cells. Flow is
routed through the center of mass of each cell. Flow may
enter or leave a cell through one or all of four faces of
the cell, the upslope, downélope,top, or bottom faces. Flow
is not allowed to pass laterally across the right or left
cell faces. The soil water ﬁudget of each cell is solved us-—
ing an explicit finite difference scheme.

Subsurface flow is calculated by using Darcy’'s law with
a moisture content dependené hydraulic conductivity.
Convergence and divergence éf flow is expressed by the un-
equal width of the incremenﬁs. Each time a downstream ele-
ment becomes saturated, the;hillslcpe is re—-incremented,
with the first increment located next to the saturated ele-
ment. In this way, increments near saturated areas are kept

as small as possible to provide more detail to the expanding

and contracting source area.

Soil Water Storage. Initial soil water content values

are chosen from antecedent éonditions. The continuity equa-
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