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ABSTRACT

A comprehensive conceptual watershed model is developed to simulate
the hydrologic response of steeply sloping forested watersheds. Twon non-
Hortonian and two Hortonian models were first tested with data from
selected watersheds in West Virginia and eastern Kentucky in order to
understand the different mechanisms of flow responsible for storm
hydrograph generation in this type of watersheds. The two non-Hortonian
models tested were the kinematic storage model (Sloan et al. 1983) and
the saturation deficit model (Beven and Wood, 1983). Both models were
unable to adequately reproduce the observed hydrographs in the four
forested watersheds considered in this research. The two Hortonian models
tested were Clark's unit hydrograph model and Snyder's unit hydrograph
model. These two models were able to reproduce the observed hydrographs
only through model calibration with unrealistic parameter values.

Based on the conclusions from the testing of the two non-Hortonian
and the two Hortonian models, a simple conceptual comprehensive watershed
medel was developed for predicting storm hydrograph from small, steeply
sloping forested watersheds. The conceptual model incorporates all types
of flow processes including macropore flow (quick response subsurface flow).
An evaluation of the resulting model was made using the data from the
previously mentioned four watersheds in West Virginia and eastern Kentucky.

The model predicted with reasonable accuracy the response of these watersheds
to precipitation. The results indicate that the model is capable of simulating

_the hydrologic response of this type of watersheds while at the same time
depicting the actual flow mechanism in play.

Descriptors: Forested Watersheds, Water Management, Watershed Management

Runoff Forcasting, Runoff, TForest Hydrology
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CHAPTER 1
INTRODUCTION

1.1 Problea Statement :

The development and management of Kentucky's water resources remains
a very high priority. In the state of Kentucky, as in other states, a
natural conflict exists between the need for economic development and the
need to preserve the integrity of the state's water resources. One way to
minimize this conflict fs throneh the development and implementation of
comprehensive watershed management guidelines. In order to develop such
guidelines for natural watersheds there is a strong need for more refined
analytical tools.

At the present time the USGS maintains approximately 120 daily-read
stream gaging stations in the state of Kentucky. These gaging stations
are primarily confined to the larger streams and tributaries of the major
river basins. As a result, most of the lower order streams are not
monitored. One cost effective method of determining the hydrologic
response of'-such non-gaged watersheds is through the use of mathematical
models. These models can be used to predict both watershed discharge and
pollutant loadings as either degerministic or stochastic functions of
precipitation and other hydrologic variables (Sloan et al., 1983).

Since the 1930's the Horton (1933) infiltration appreach to runoff
production . has dominated hydrology and its applications to the
prediction of river dischaﬁges (Soil Conservation Service, 1972;
Crawford and Linsley, 1966) and in land management (Schawb et al.,
1966). -In humid regions, such as the Appalachian region of Eastern

Kentucky., the infiltration capacity of the soil generally remains high



unless the dense vegetation cover is disturbed. For such watersheds,
Horton overland flow is typically confined to areas that have heen
denuded of their vegetation. For those areas that have not been severely
disturbed, Horton overland flow does not occur. At least two processes
generate storm runoff in these regions. These two probesses of storm
runoff are subsurface stormflow, and direct precipitation onto saturated
areas. The relative importance of each process varies with topography,
soil antecedent wetness, and storm size. Together, these two processes
make up the variable source area concept (Dunne et al., 1975).

Despite the widespread observations of non-Hortonian flow in humid
watersheds, nearly all existing hydrologic models are based on the
Hortonian flow concept. There exists therefore, a strong need for
hydrologic watershed models based on the observed mechanisms of saturation
overland flow and subsurface flow. Although some attempts have been made
at modeling the various mechanisms in the non-Hortonian flow process,
there remains a need for the various processes to be combined in a general
watershed model for usé in the prediction of watershed hydrologic
response.

In addition to being important in the accurate prediction of the
hydrologic response of a watershed, the use of non-Hortonian models based
on the variable-source-area concept is vitally important in the
identification and charaééerization of non-point source pollution. If the
runoff from a watérshed is dominated by subsurface flow then current
hydrologic models based on classical Hortonian runoff theory will offer
few valid interpretations of the source and movement of pollutant within
the watershed. Although such models may predict mass outputs

satisfactorily they will fail to lead to the correct management practice



{Hewlett and Troendle, 1975).
1.2 Project Objectives :

The objective of the proposed research Wa§ the development of two
hydrologic models for use in the prediction of the hydrologic response of
steeply sloping forested watersheds in humid areas. The first model was
developed for small upland watersheds while the second model was developed
for much larger tributary watersheds.

The original proposal for the project called for the development of a
large scale tributary model using the concept of a most probable stream
network distribution. However, during the course of the research it was
decided that a more useful product could be obtained by incorporating the
upland model into an existing comprehensive watershed model such as HEC-1.
As a result, the second approach was ultimately used in developing a
modeling framework for larger tribut;try watersheds.

1.3 Project Completion :

Both an upland watershed model and a tributary watershed model have
been developed for steeply sloping forested watersheds. The wupland
watershed model incorporates the flow mechanisms of overland flow,
micropore flow and macropore flow. The tributary watershed model consists
of a modified version of the HEC-1 watershed model which incorporates the
upland watershed model.

1.4 Overview :

Chapter 2 presents a review of the literature dealing with runoff
processes and runoff models with an emphasis ‘on  the description of
physically based variable-source-area models.

-In chapter 3, the incorporation of two such models, the Kinematic

Storage Model (Sloan et. al, 1983) and the Saturation Deficit Model



{Beven and Wood, 1983) in HEC-1 is described. HEC-1 is a comprehensive
hydrologic modeling package developed by the us Army Corps of
Engineers, Davis, California. 1In addition, fesults cbtained using
the Kkinematic storage model and the saturation deficit model are
compared with those obtained using models based on Hortonian flow
theory (Clark's model and Snyder's model).

Chapter 4 gives a detailed description of a new model which
incorporates all the possible runoff generation processes
including the macropore component of subsurface flow. This sodel was
also embedded in HEC-1.

In chapter 5, .results from the new model are compared with those
from the kinematic storage model and the saturation deficit model neither
of which accounts for flow in macropores.

Finally, the conclusions resulting from this study are summarized
in Chapter 6. Recommendations for future research are also presented in

this chapter.



CHAPTER 2
REVIEW OF THE LITERATURE

2.1. Modeling of Rainfall-Runoff Process :

The majority of hydroleogic watershed models are composed of two basic
components. These include the runoff generation mechanism and the runoff
routing mechanism.

2.2. Mechanisms of Runoff Generation :

At present there are two major conceptual models of the runoff
generation process. The first is based on the -Hortonian flow concept
introduced by Robert Horton in 1933. The second type of model is based
on the variable-source-area concept first formally introduced by Hewlett
and Hibbert in 1967.

2.2.1. Hortonian Overland Flow :

Horton overland flow theory postulates that the infiltration capacity
of a s0il is reduced exponentially under a continuous high-intensity
rainfall of long duration. Horton assumed that this decrease was
primarily &ue- to the compaction, structural change and inwashing of fine
particles at the soil surface. With the progression of the storm, the
infiltration capacity of the soi} finally decreases to a constant value
over the whole watershed. Whenever the rainfall rate exceeds the
infiltration rate, overland flow and subsequently surface runoff occurs
over the entire catchment area. Overland flow reaches the channels very
quickly ‘and leads to the rapid increase in the rising limb of the runoff
hydrograph. After the rainfall ceases, the surface runoff decreases,
- quickly in the initial stages and later gradually, as water recedes in the

small channhels first followed by that in the larger ones. According to



Horton's flow theory, surface runoff provides the major portion of the
storm hydrograph whereas water infiltrating into the soil is responsible
for sustaining the long-time recession discharge from the watershed;

From the previous discussion it is clear that the amount of
rainfall infiltration into the soil is a key component in the runoff
generation process using Horton's theory, Once the infiltration
loss has been calculated, rainfazll excess can easily be calculated by
subtracting the amount of infiltration from the amount of rainfall.
2.2.2. Non-Hortonian Plow :

In recent years, it has become increasingly evident that the
Hortonian flow model is inadequate to explain the response of many
catchments where measured infiltration rates are high enough to be only
rarely exceeded by storm rainfall intensities. In such a case, the
storm hydrograph may either be generated by subsurface flow (Hursh
and Brater, 1941; Hewlett and Hibbert, 1967; Weyman, 1972: and Neiber,
1979) or surface flow on areas of soil saturated from pelow as the
water table rises to the so0il surface {Dunne and Black, 1970: Dunne et
al., 1975; kirkby et al., 1976; and Beven, 1977). In this regard, it
is important to recognize that catchment storm response may involve
significant subsurface contributiqns while runoff contributing areas
may be highly dynamic.

-2.2.2.1. Subsurface Flow :

In many catchments, the magnitude and the shape of the storm
hydrograph may be dominantly controlled by subsuface flows.
Evidence for this comes from areas where little or no overland flow is
observed (Hewlett and Hibbert, 1967;: and Mosley, 1979). Essentially

two basic mechanisms have been proposed to account for the



contribution of subsurface flow to watershed response. These two
mechanisms are macropore flow and micropore flow.
2.2.2.1.1, Macropore Flow :

Many investigators including Whipkey (1967), Jones (1975}, Corbett
{1979) and Mosley (1979,1982) have cited flow through interconnected
macro~channels in the soil as being important in the generation of
subsurface storm flow. This has either Dbeen inferred from the
extreme rapidity of the subsurface flow response or directly from
observation of flow. Whipkey (1967) first postulated that
interconnected macro-channels formed by reots of trees and énimal
burrows - can provide the means for rapid subsurface flow from uppér
slopes to stream channels. With advanced growth, roots can become
major soil forming agents compressing the soil causing local changes in
porosity and bulk density (Corbett, 1979). When they decqy, they
leave openings, resulting in a large increase in non-capillary
porosity (Retzer,b1963). Animal burrows which can be extensive in
natural watersheds can also act like subsurface pipe networks and can
rapidly transport water through soil profile. Soil pipes formed by
macropores therefore, impart a system of flow - conduits to the soil
matrix thereby increasing sigﬂificantly the effective hydraulic
conductivity of the soil although they may contribute only a very small
amount to total porosity (Barcello and Nieber, 1982; and Beven and
German, 1982}.

Several researchers have provided information regarding the
significance of soil pipe flow relative to other hydrograph
contributions. Dufing one experiment Whipkey (1969) observéd outflow

to come from a root hole 122 cm below the soil surface 16 minutes after



an application rate of 25 mm per hour had begun. Whipkey then dug
trenches across the slope of his plots toc brake wup the continuity of
the existing macropore channnels. This reduced the total stream flow
to half of that which occured prior to trenching. Jones {1975) found
out that whereas the hydraulic conductivity value of the soil material
overlying a soil pipe indicated a time of 12 hours for pipe discharge
to initiate, the observed time to peak was only 1.73 hours. Barcello
and Nieber (1982) using a computer simulation model found that for the
same rainfall and hillslope conditions, soil pipe networks contributed
more discharge to storm flow peak than the unpiped hillslope. They
also found out that seil pipe networks contributed significantly
more discharge than a single so0il pipe. Moéley {(1982) carried out a
series of experiments in an instrumented steep sloping forsted
watershed in New Zealand. Data for a number of storms indicated that
preferred pathways for subsurface flow via macropores in the soil was the
predominant mechanism of channel storm flow generation in storms
whenever quick flow . runoff volume (total runoff volume - delayed
subsurface funoff volume) was greater than about 1 mm. He concluded
that +the saturated hydraulic conductivity of the soil matrix is not a
limiting factor on the ability of subsurface flow to generate storm
flow. Weyman (1970) also made similar observations under natural
rainfall conditiens at the base of a brown earth profile in the East
Twin catchment in England.

2.2.2.1.2. Micropore élou :

In a watershed where there is no well developed system of

macropores, Hewlett and Hibbert (1967) suggested the process of

displacement to account for the response af subsurface flow to



rainfall. This is known as micropore flow. Hewlett and Hibbert
proposed  that if the soil is at or above field capacity,
precipitation input thickens the water films surrounding the soil
particles, causing the release of previously stored water. Each input
of precipitation sends a pressure wave along the saturated zones. This
wave moves downslope as a pulse and releases previously stored
water. If the released water emerges at ' the surface, it contributes
to storm flow. However, it is to be remembered that this contribution
is previously stored water and not new water (Sloan et al., 1983).
2.2.2.2. Saturation Overland Flow :

Saturation overland flow occurs when subsurface flow is no longer
capable of releasing all the water that infiltrates into the soil. This
results In the increase of the volume of water stored in the soil thus
causing the water table to rise to the ground surface. Rain falling on
the saturated area then runs off as overland flow. It is to be noted that
this saturated area varies through time, both during and before rain
storms. Saturation overland flow extends in time initially to low-order
tributary chéhnels, then to unchanneled swales and finally to foot of
hillslopes. At the end of storm, this saturated area shrinks gradually as
the soil slowl§ drains.
2.2.2.3,. Variable Source Area Concept :

Hewlett (1961) conducted a number of field studies at Coweeta
and first proposed the concept of dynamic watershed source areas
(i.e., variable source areas). A source area " has .been defined as that
part of the watershed where precipitation is converted to runoff.
These areas are often near the stream channel and quickly Dbecome

saturated during a rainfall event. In the study undertaken by



Hewlett, the drainage of water downslope in soil troughs was studied
and it was observed that moisture gradients increased downslope. It was
proposed that rain falling after drainage had set up these hydraulic
gradients quickly satisfied the water deficits near the channel,
saturated the soil and thus setup conditions for storm flow generation.

The deficits wupslope would take longer to satisfy, but .as rainfall

continued, the contributing area would expand. He therefore
concluded that storm flow was generated from precipitation over
saturated areas which began to contribute as deficits are
satisfied. Upslope rain subsequently recharged the soil for

sustained base flow and the maintenance of the channel wet areas.

Dunne and Black (1970) made a field study of a number of areas
in the Sleepers River Experimental Watershed in northeastern
Vermont. One of their study areas had a well drained slope and poorly
drained soils at the base of the slope. They found that significant
amount of runoff occured only from sﬁall wet area at the base of the
slope. Its low storage capacity was gquickly filled, the surface was
intersected by the water table and then the source area behaved as an
impervious area. Dunne and Black also applied artificial storms of high
return periods to the watershed. Similar mechanisms to those in the
natural storms were observed. 1In one test, rain was applied only to the
channel area and a hydrograph similar to natural storms was observed. As
the duration was increased, the source area also expanded.

Corbett (1979) studied a small forested watershed in
Pennsylvania. After extensive experimentation with the
application of artificial rainfall, he concluded that variable source

area concept provided the bhest framework to evaluate a watershed's
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response to precipitation. The front portion of the watershed had
shallow soils which drained to the channel. However, the back
portion had to drain through deep soils. to reach the stream. A delay
between the response of the front and the back halves of watershed was
observed. It was also observed that for dry antecedent moisture
conditions the rising limb and the peak of the hydrograph were produced
by contributions from precipitation on the channel and the base of the
slope only. The lower and middle slopes provided the major portion of
the runoff during recession. For wet antecedent moisture conditions.
peak flow rates were found to be two to three times greater than those
for dry antecedent conditions. There_ was also a substantial
increase in the amount of rainfall converted to quick and delayed flow.
Temporary zones of saturation developed during the storm and the
development of these areas has an important bearing on how effectively
a.particular area responded to rainfall,
2.3. Mechanisms of Runoff Routing :

The general equations governing unsteady flow in an open channel
are known aé the St. Venant equations. These equations consist of a

conservation of mass equation :

----- == =0 2 (2.1)

and a conservation of momentum equation :

v, LAV, 2y
+ V +o (bx+s

SE 3% - SO) = 0 (2.2)

£
where x is the distance along the channel, A is the cross-section area, v
is the velocity, g 1s the gravitational acceleration, y is the flow depth,

S is the channel slope and S, is the friction slope.

0 £

Equations (2.1) and (2.2) are quasi-linear hyperbolic partial
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differential equations which cannot be solved analytically. The variables
x and t are the independent variables while V and y are the dependent
variables. The cross section area A is a known function of y, and S_ is a

f
known function of V.and y. S§_. can be computed using either the Chezy or

f
Manning formula for steady flow.

Runoff routing models based on the complete solution of the St.
Venant equations are termed dynamic wave models. Stoker (1953) and
Isaacson, et al. (1954) first used the full St. Venant equations tormodel
the routing of floods on the Ohio river. With the increasing availability
of high-speed computers, many researchers have developed alternative
numerical solution schemes for the complete St. Venant equations. The
various dynamic wave models cited in the literature can be divided into
essentially two broad groups. The first group consists of the direct
methods, where the St. Venant equations are expressed in finite difference
form and solutions are obtained for time increment {At) and space
increment (Ax) along the channel. The second group is the method of
characteristics, where the partial differential equations (2.1) and {2.2)
are first converted to an equivalent system of four ordinary differential
equations. Finite difference approximations are then substituted into
these four egquations to solve the gystem (Fread, 1985).

A further classification of the dynamic wave models is possible based
on the finite difference scheme used for solving the equations. In an
explicit solution scheme, the differential equations are transformed into
é set of algebraic equations which can be solved explicitly. In an
implicit scheme, the differential equations are transformed into a set of
algebraic ~ equations (linear or non-linear) which must be solved

simultaneously. 1If the set of simultaneous equations happen to be non-
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linear, they can only be solved using an iterative solution procedure.

Due to the complex nature of the St. Venant equations and the
difficulty in obtaining stable solutions, a number of simplified,
approximate solution techniques have been developed for channel routing.
The approximate methods can be classified as a) Hydraulic, b) Hydrologic
and c¢) Linearized models of the St. Venant equations. A comprehensive
review of all three methods has been provided by Fread (1985). A  brief
discussion of each of these simplifications is presented below.

2.3.1. Simplified Hydraulic Models :

Hydraulic models are based on the conservation of mass
eguation and a simplified form of the conservation Of‘, momentum
equation. One +type of simplified hydraulic model is the kinematic wave
model. Interest in this model was sparked by the work of Lighthill
and Whitman (1955} . The kinematic model uses the following
simplified form of the conservation of mnomentum equation :

Sf - S0 =0 {2.3)
Equation (2.3) essentially states that the momentum of the
unsteady flow is assumed to be the same as that of steady uniform flow as
described by the Chezy or Manning equation or some other similar
expression in which discharge is a gingle—valued function of stage, e.g.,

Ao (2.4)
in which A is the cross-sectional area, « = [s}czso)]. B=2/3, and C
is the Chezy coefficient, Combining equations (2.3),(2.4) and {2.1)

results in the following nonlinear kinematic wave model (Li, et al.,

1975)
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which can be solved by explicit or implicit finite difference

Q B-123Q |
L toBt 5 =0 (2.5)

methods.

Another simplified hydraulic model is the diffusion wave model
which utilizes equation (2.1) and the following simplified form of the
momentum edquation;

Sf -dy/dax =0 (2.6)
The nonlinear diffusion wave model is a significant improvement over
the kinematic model because of the inclusion of the water surface slope
term (diffusion effect) of the flood wave. It also allows the
specifications of a boundary condition at the downstream extremity
of the routing reach to account for backwater effects.
2.3.2. Hydrologic Models :

The most widely used method of the hydrologic stream routing models
is the Muskingum method originated by McCarthy {1938). The method uses a
lineﬁr algebraic relationship between the storage and both the inflow
I and the outflow Q, together with two parameters K and X. The
Muskingum method is based on the following form of the continuity
equation :

das .
-—-=1-4qQ (2.7)
dt

where the total storage is expressed as

S = KQ + K X(I - Q) = K[XI + (1-X)Q] (2.8)
or,

ds

S, = 8; = KIX(I, - I,) + (1-X)(Q, - Q)] (2.9)

Combining equations (2.7) and {2.9) vields,
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Q, = CI, + CAI. + C‘Q1 (2.10)

where
¢ = DAt - _2KX |
1 2K({1-X) + At
¢ = At * 2RX
2 2K(1-X) + At
o1 = 2K(1-X) - At
3~ 2K(1-X) + At

The parameter X with values between 0 and 0.5 is a weighting factor
which expresses the relative influence of the inflow I and the outflow Q.
K is a storage parameter with dimensions of time and expresses the
storage to discharge ratio., Its value is approximately equal to the
travel time through the reach.

Cunge (1965) discussed the Muskingum method and extended it. He also
showed that the attenuation of the flood wave obtained by the Muskingum
method arises from the finite difference eguation which replaces the

partial differential equations. From equation {2.9) and (2.10):

d
K gt [¥Q; + (1-%)Q, ;1 = ¢y - Q (2.11)

where Qj is the inflow to the reach and Qj+1 is the outflow.

i+l

Written in finite difference form,

K n+1 n+l n n

At = [XQy 7+ (-X)Qy ) - XQy - (1-X)Qy,,] (2.12)
or, ' -

K 1 n+1 n+1 n n

at =z Q7 -0, 4 - Q) (2.13)
If K is defined by,

K = Ax/w (2.14)

where w 1is the average speed of the flood peak and Ax is the length
of the reach, then it can be shown that Eq. (2.13) is a finite
difference representation of the kinematic wave equation {2.5). With K

defined as in equation (2.i4), it remains to calculate X. At first
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sight there is no obvious form for X, but Cunge observed that by

n

J

finite difference representation of the classic diffusion equation,

expressing Q in terms of their Taylor expansions Eq. (2.13) is also a

aQ P14 2 2 :
- + W —- = md Q/3°x {2.15)
at ax
where
m =(1/2 -X) w Ax {2.186)

If the diffusion equation is also defined as u = (xQp)/L then,

X = 1/2 - « Op/{L w Ax) (2.17)
where L is the length of the whole reach which is subdivided into
subreaches of length Ax, and 6p is the average peak discharge. The value
of ﬁp is the average of the values of 6p at the upstream and downstream

ends of the reach. 1t can be estimated using

Qp = Qp -1/2 Q* (2.18)
By examining the second order approximation of the st. Venant
equations, Price (1974) was able to obtain the following
expression for Q* :
Q" = [a, / (L/T0)°1 Qo | d®ap/at’] (2.19)

where ap is the attenuation parameter for the peak discharge (Qp and Tp
is the time of travel of the .wave crest over the length L of the
reach. Price suggested that the curvature of the hydrograph at the peak

may be estimated from,

d*p/at? = (o, + @, - 20p)/(at?) (2.20)
where Q1 and Q_1 are the discharges at At to either side of the peak and,
At is equal to one fifth of the time to peak of the hydrograph.
2.3.3. Linearized models :

Linearized models of the complete St. Venant equations were
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developed by Lighthill and Whitham (1955) and Dooge and Harley (1967).
If the equations (2.1) and (2.2) are rewritten for a unit-width
channel and in terms of unit discharge (qo) and depth (yo), and then
combined and linearized about a reference flow velocity (V0 = qofyo),
then the following linearized equation is obtained (Dooge and Harley,
1967)
(evs - v2 ) a/ax® - 2v dPa/amat - a%asat®
= Sgsoaq/ax +,2g SO/V0 3q/at {2.21)
Through further simplification of this equation, the classic
diffusion equation may be obtained (Hyami, 1951)
3q/at = K a2q/ax® - Co aq/ax (2.22)
where K is a wave dispersion c¢oefficient and Co is the wave
celerity. The instantaneous unit response of Fhe diffusion
. equation may be expressed as,
Kt = (ank) (/63 o L(C0 € = X/ (kD)) (2.23)
in which n is a constant and K is computed from the ecxpression,
K = qo/as0 . (2.24)
where 9, is the base flow rate and S0 is the channel bottom slope.
2.4. Models of Watershed Runoff :
There  are three classes og madel that have been used to study
hydrologic processes and systems : physical, analog and mathematical.
With the advent  of computers and rapid improvement in memory

capacity and computation speed, mathematical modeis are now the most

commonly used class of models.

2.5. Mathematical Models of Forested Watershed Runoff :
Mathematical models of watershed runoff. can be classified as

conceptual or physically-based. They may also be divided into either
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lumped or distributed parameter models. Physically based models are
based on the physics of the runoff whereas conceptual models are
formulated on the basis of a simple arrangement of a relatively small
number of elements, each of which itself is a simple representation
of a physical relationship. A lumped parameter model assumes
that the variations in hydrologic variables within a watershed are
negligible and can be taken to be constant. In contrast, distributed
parameter models take into account the variations in hydrologic variables
in a watershed due to the differences in soil type, topography, land
use, rainfall intensity etc. Both Hortonian type models and Variable
Source Area models can be described as lumped conceptual or distributed
physically-based.

2.5.1. Hortonian Type Models :

The amount of rainfall infiltration into the so0il is a key
component in the runoff generation process using Horton's theary. Once
the infiltration loss has been calculated, rainfall excess can easily
be calculated by subtracting the amount of infiltration from the
amount of rainfall. Equations and models available in the literature
to predict infiltration can be classified as being either
physically based or empirical. Physically based equations attempt to
describe the infiltration process by utilizing concepts from seil
physics. Among the physically based models are : a) Richard's
equation (Philip, 1954) : which is based on Darcy's flow cequation and the
equation of continﬁity; b) Philip's model (1957) : whiéh is formulated
by considering only the first two terms of the infinite series
solution to Richard's eguation; and c) The Green-Ampt qodel (Green and

Ampt, 1911) : which is derived by applying Poiseulle's capillary tube
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law {(assuming s0il to be a bundle of capillary tubes) and the
equation of continuity for piston type soil moisture profiles.

In contrast to the physically based models, empirical
egquations use paruameters that must be determined from observed
infiltration data. Among those are : a) Horton's model (Horton, 1933)
in which infiltration is guantified as a Ffunction of initial and final
infiltration rate and a decay c¢oefficient which accounts for the
decrease jin infiltration rate with time; b) Holtan's model (Holtan,
1961} : which predicts infiltration as a function of available water
storage; and c) The SCS method (Soil Conservation Service, 19#2) : which
is an empirical method developed by the Soil Conservation Service to
predict rainfall excess directly as function of rainfall and an
empirical parameter called the curve number which is a function of the
perviousness of the soil surface.

Once rainfﬁll excess has been computed, it can be converted into
runoff by either a lumped conceptual or a physically-based model.
2.5.1.1. Conceptual Hortonian Models :

The most commonly described Ilumped conceptual techniques in
literature are the unit hydrograph method and the instantaneous unit
hydrograph method.
2.5.1.1.1, Unit Hydrograph Method :

Unit hydrograph theory is based on the assumptions of a linear
and time-invariant system. A hydrologic system is classified as linear
if the principle of superposition is valid. A time-invariant system is
one where the parameters do not change with time., The unit hydrograph
is defined as a hydrograph produced by a D—hour. storm of

constant rainfall intensity containing one unit of runoff volume.
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The unit hydrograph for a particular watershed may be determined from an
observed hydrograph and rainfall excess pattern. Generally, basic
streamflow and rainfall data are not available to allow construction of a
hydrograph except for a relatively few watersheds:; therefore technigques
have evolved to generate synthetic unit hydrographs. Among the more well
known ones are : a) Snyder Method (Snyder, 1938), b) Clark's Method
(Clark, 1945) and c) The SCS Method (Soil Conservation Service, 1972).
2.5.1.1.2. Instantaneous Unit Hydrograph Method :

The Instantaneous unit hvdrograph is the limit of the unit
hydrograph when the duration tends to zero. Unit hydrograph techniques
are applied to a storm by using a convolution equation to develop a
composite runoff hydrograph. For a continuous rainfall, discharge Q is
given by,

t
Q = s u(t-t) I(r) dr (2.25)
0
where I(T) is the rainfall excess rate and u{t-r) is  the lagged
instantaneous unit hydrograph. If the rainfall excess and direct runoff
observations are known, then the instantaneous unit hydrograph (known as
the kernel function) can be determined.

Instantaneous unit hydrographs are sometimes defined by
conceptualizing the overland flow as runoff routed through a series
of linear reservoirs (Nash, 1957). In the simplest case, the overland
flow is approximated by a single linear reservoir. A constan; rainfall
excess i is routed through thisA reservoir to vield a runoff
hydrograph. Applying the continuity equation to the reservoir yields,

i-4Q = ds/dt {(2.26)

where Q is the outflow from the reservoir and S is the storage of the
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reservoir. For a linear reservoir, S = K Q where X is a storage
constant. Therefore, equation {2.26) becomes,
dQ/dt + Q/K = i/K (2.27)
The solution of eq. (2.27) is
Q=i (1- &% (2.28)
eq. {(2.28) gives the rising limb of the hydrograph. If rainfall stops at
time t = to then,
- Q = K dg/dt (2.29)
if Q = Qo at t = to and letting T = t - to, eq. {2.29) becomes,
dQ/dT + /K =0 (2.30)
The solution of eq. (2.30) is,

e t/K (2.31)

Q = Qo
eq. (2.31) gives the recession limb of the hydrograph.
2.5.1.2. Physically-Based Hortonian Models :

The most extensively used physically-based Hortonian modél is the
overland flow medel.
2.5.1.2.1. Overland Flow Models :

Overland flow is the movement of rainfall excess over the watershed
surface to a watershed channel. Overland flow response can be
predicted by a combination of the cqntinuity equation and a flow rate
function. The equation of continuity can be written as,

Aq/dx + 3y/at = i (2.32)
where q 1s the discharge per unit width, y is the flow depth, t is the
time and i is the rainfall excess per unit area. The flow rate function
is usually approximated by uniform flow equation given by,

q=a yb {2.33)

where a and h are coefficients and q and ¥y have been defined
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previcusly. For laminar flow {(Linsley et al., 1975), a = gSo/(3v) and b =
3. For turbulent flow Manning's equation is used which gives a = 1.49
501/2/n anq b =5/3. In the above equations, So is the channel bed slope,
v is kinematic viscosity of water and n is Manning's roughness
coefficient.

2.5.2., Variable Source Area Models :

Several researchers have developed mathematical models for wuse in
analyzing the mechanisms of subsurface flow and saturation overland flow.
The models may be either distributed nhysicallyv- based or lumped
conceptual.
2.5.2.1. Distributed Physically-Based Models :

The majority of the physically-based variable source area models
are based on the solution of Richard's equation for transient
partly saturated flow. Most of them have been developed for hillislopes
with only a few for a complete watershed.
2.5.2.1.1. Hillslope Models :

.Freeze (1969) developed a finite difference technique for
unidirectional flow recharging a water table, and then (Freeze, 1972}
for two dimensional subsurface flow from hillslopes to a stream. The
work generalized the few data then.available on the effect of soil
conductivity and hillslope form on the magnitude of subsurface storm
flow. Only in soils with particularly high conductivities did
subsurface contributions dominate the storm hydrographs (Dunne,1983).

Beven {1977) wused the finite element method of solving  the
Richard's equation applied to the same problem, and in addition to the
variables examined by Freeze, he emphasized the role of initial moisture

conditions and topography in affecting the speed and magnitude of
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subsurface contributions to stream flow. Neiber (1979,1582) also
developed a finite element model for predicting hillslepe runoff.
Neiber tested his- model against previous mathematical solﬁtions and
laboratory data. Adequate representation of transient saturated-
unsaturated flow in the laboratory was achieved only after hysteresis
was taken into account. The model did best under wet conditions, in
which so0il water content was greater than about 30% by volume {Sloan et
al., 1983}.
2.5.2.1.2 watershed Models :
In an effort to meet the need of a hydrological‘model that
~reflected the actual physical runoff processes involved, Troendle and
Hewlett (1979) developed a variable source area simulator (VSASI).
Their concept was that instantaneous streamflow 1is the sum of
subsurface flow, precipitation on channel and saturated area, and
overland flow from virtually impervious area. Later on  Bernier {1982)
improved the model (VSAS2). However, Troendle (1985) concluded that
VSAS2 was still a prototype that was limited by several major impediments.
These include the inadequate description of the hydrological properties
and spatial distribution of soils, and the initialization of simulations
with inaccurate soil moisture. contents. Burke and Gray (1983)

developed a completely coupled finite element computer model to

solve Richard's equation for saturated-unsaturated subsurface flow, and
the Saint Venant equations for the open channel and overland flow
components. Due to computational limitations the model was applied to a
single conceptually derived hillslope.

2.5.2.2. Lumped Conceptual Models :

Because of the complexity of using completely physically based
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nurerical models, approximate models have been developed for the
prediction of both subsurface and saturation overland flow. To meet
the need of simpler models Nieber (1982) developed a one dimensional
model using Richard's equation. Nieber (1982) also evaluated a simpler
model that used the Boussinesq's equations. The Boussinesq's
equations assume that the hydraulic gradient 1is equal to the slope of
~the free water surface. A further approximation is to assume that the
hydraulic gradient at any point is equal to the bed slope. Beven (1982)
evaluated these approximations and extended the solution to include
vertical flow in the unsaturated zone and non-homogeneous but uniformly
varying soil conditions (Sloan et al., 1983).

Sloan et al.{(1983) performed a comparison of several models
including the one dimensional model of Neiber (1982), the
kinematic wave model of Beven {1982) and a simple kinematic storage
model. Theirstudy showed that the simple kinematic storage model gave
the best results with high effective hydraulic conductivities. As a
result they cancludedA that simple conceptual models can adeguately
simulate runoff from steep-sloped forested watersheds and are the
most economical to use because of the greater complexity involved in
describing a natural watersheq, and the cost of running computer
programs of complex models.

At the same time Beven and Wood (1983) introduced a new conceptual
variable contributing area model based on a saturation deficit concept.
They applied their meodel to several watersheds in England and in the
United States. They concluded that the results obtained from the study
were sufficiently encouraging to suggest that the model was worthy of

further investigation.
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From an examination of several subsurface models, it was concluded
that the saturation deficit model of Beven and Wood (1983) and the
kinematic storage model of Sloan et al: (1983) both represent the state of
the art in conceptual models of subsurface flow. A description of the
kinematic storage model and the saturation deficit model is included in
the following sections.
2.5.2.2.1. Hillslope Model (Kinematic Storage Model) :

Sloan et al. (1583} developed a simple kinematic storage model
with the assumption that hydraulic gradient was equal to bed slope. The

continuity equation is the basis of his model and can be written as

== =1-gq (2.34)

—————— = I - (q,*q,)/2 (2.35)

where At = t_ - t

2 1’ S is the drainable wvolume of water stored in the

saturated zone per unit width, g is the discharge from the profile per
unit width, I is the vertical input from the unsaturated zone per unit
width and subscripts 1 and 2 refer to the beginning and end of the time
period respectively.
I is given by,
I =L (2.38)

where i is the input from unsaturated zZone per unit area and L is the
slope length.

Assuming that the water table is linear between the outlet face
and the upper bhoundary (Figure 2.1},

S = Lh(es - Bd)/2 (2.37)
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where h is the depth of water table at the outlet, L is the slope length,

es is the saturated water content and ed is the water content at field
capacity.

Discharge per unit cross—sectional area V is given by Darcy's law,

ah '
vV = —_— i
Ks = Ks sino {2.38)

where Ks is the saturated hydraulic conductivity, 3h/dx is the hydraulic
gradient and sina is the bed siope.
Discharge per unit width q is given by,

q = hv (2.39)
substituting equations {2.37) and (2.39) into equation (2.35), the
head at the outlet at the end time increment At, can be found explicitly

by,

h {L(e_- @ )/8t - V]/2 + iL
h o= -8 94 S (2.40)
2 [L(B - 8,)/At +V]/2

The discharge per unit width at the end of time increment At can then be

found by :
q, = h2V | (2.41)

Surface runoff is easily accounted for in this model through the
addifion of an extra term in the storage equation {equation 2.37). The
water table still remains hinged at point D (Figure 2.2). When  water
table intersects the soil surface, equations {2.37) and (2.39) become,

§ = [DLs + (L - Ls )D/2][es - 8 (2.42)

4!
q = iLs + DV (2.43)
where Ls is the saturated slope length and D is the hillslope soil depth

to an impermeable layer.

Substituting equatiens (2.42) and (2.43) intoe equation (2.35),
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Figure 2.1 Kinematic Storage Model Without Saturation
Overland Flow
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Figure 2.2 Kinematic Storage Model With Saturation
Overland Flow
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the saturated slope length at the end of time increment At, after

watertable intersects the soil surface, can be found explicitly by,

Ls, [D{e - o )/At - 11/2 + iL - DV
1 8 d
Lsz X e m e —————————————— e, (2_44)

The discharge per unit width at the end of time increment At can then be

found by,
q, = 1Ls2 + DV (2.45)
2.5.2.2.2. VWatershed Model (Saturation Deficit Model) :
Beven and Wood (1983) developed a non-Hortonian flow model
following the work of Beven and Kirkby (1976, 1979). In their model

they assumed that at any point in the catchment, downslope flow per unit

width g, is related to saturation deficit S by,

q = K,tang e{~S/m) (2.46)

where Ko is the saturated hydraulic conductivity, tang is the local
surface slope angle and m is a constant. Saturation deficit is defined as
the storage deficit below full saturation due to soil drainage alone
and excluding the additional deficits that would result from
evapotranspiratien. At full saturation, § = 0 so that,

| q= KotanB (2.47)
Therefore, Kotan g is the transﬁission capacity of the soil profile at
full saturation. Therefore, the aforementioned relationship allows the
soil hydraulic conductivity to vary with depth but assumes that the
" local hydraulic grgdient is everywhere equal to the surface slope angle.
Assuming a steady input rate R, then at any point :

q = Ra (2.48)

where a is the upslope area draining past that point per unit width of

slope or contour length.
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From egquations (2.46) and {(2.48),

S = -m ln[(a/tanB)/(Ko/R)] {2.49)
The saturated area may then be defined as the area for which §<0 (noting
that deficits are positive) or

a/tang > KO/R
In order to determine the average saturation deficit for the entire
catchment, the catchment is first divided into a number of subareas based
on the In{a/tang) distribmtion of the catchment (see Figure 2.3). The
saturation deficit is then calculated for each subarea using equation
(2.49). The average storage deficit of the catchment is thus equal to
the sum of the deficits in each subarea divided by the total area of the

catchment and is given by:

s =4l da = 47! /An Inf(a/tan8)/(K/R)] da  (2.50)

0 0

It is further assumed that KO and m are constants i.e. the so0il is

homogeneous and of uniform depth and since R is hot a function of A,

therefore,
S =-mx-mln (R/K,) (2.51)
where,
-1 A
» = A ¢ ln(a/tan8) da (2.52)
0
or,
» = 1/A ¥ In(a/tanB) AA {2.53)
is a constant for the catchment, dependent only on the

topography and AA is the area of each subarea.
From equation {2.49)

ln(R/Ko) = -S/m - ln(a/tang) (2.54)
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so0 that

S =-m» +5 + mln(a/tang) {2.55)
or,
$ =5 +m - mln{a/tar8) (2.56)
Equation {2.56) not only gives a relationship for predicting

saturated areas for any wvalue of $ but also for predicitng the
saturation deficits anywhere in the catchment,

A further assumption is made that subsurface drainage frém the
complete basin Qb is described by a similar exponential function to

equation (2.46), involving the average deficit S i.e.,

Q- Q, e (S/m) (2.57)

i.e., § = -mln(Q,/Q,) (2.58)

so that m is then a parameter of the recession curve of the
catchment and can easily Dbe calculated from a minimum  of
discharge measurements. If a value of initial catchment discharge Qi is
available prior to a storm, than an initial value for S for the catchmenf
can be comp&ted using equation (2.58). Then using equation (2.56) S§ can
be computed. Values of S<0 will indicate the initial saturated
contributing area, while elsewhere the deficit to be filled before
saturation is predicted for each value of In(a/tang). For any
area of soil at or near saturation, the unsaturated zone delay will be
minimal, and will increase upslope for points of higher initial deficit
i.e. lower In{a/tanB) value. Assuming that the delay in the
unsaturated zone is directly proportional to deficit at a point,
then the input to the saturated zone at that point, q, . may be

described by,
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q, = Suz /(t8) " (2.59)
where S is the predicted saturation deficit, td is the time delay per unit
of deficit and Suz is the storage in the unsaturated zone in excess of
some "field capacity" value below which vertical drainage may be neglected
on the time scale of the storm hydrograph.
The sum of vertical flows weighted by the area associated with
each In(a/tanf) increment will give the total reduction (Quz = § qva) in

the catchment average deficit § during a time period. The subsurface

outflow from the saturated zone Qb can be calculated using,

Q, = Q, e{~8/m) (2.60)

where S is the average saturation deficit frdm the previous time step.

A water balance calculation for S produces a new end of time step
value as shown in the following equation :

Snew = Sold - Quz +Qy {2.61)

The new value of S is then used to calculate new values of S using
equaticen (2.56)}. In this calculation, there is no water balance error
involved since the incremental change in S is equal to the areally
weighted sum of changes in the S values. Thus, recaléulation of
saturation deficits S predicted frop S at each time step makes allowances
for downslope flows, and during déainage. the recovery of saturation
deficits between closely spaced events.

Surface flow may be generated due to a calculated value of S$=0 which
.represents the saturation excess mechanism of runoff production. Areas
of high values of In(a/tan8), i.e., areas of convergence or low slope

angle, will saturate first and as the catchment becomes wetter the area

contributing surface flow will increase. Calculated surface flow at any
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time step is simply the sum of water in excess of any deficit in each
ln{a/tang8) increment and is given by

Q. .=%X AA*Exi (2.62)

of

where AA is the subarea area and Exi is the water excess in subarea i.
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CHAPTER 3

MODEL COMPARISONS

3.1 Introduction :

In order to evaluate the performance of the kinematic storage model
and the saturation deficit model both models were embedded into HEC-1, a
comprehensive hydrologic software package developed by the US Army Corps
of Engineers. Once this was accomplished the modified version of HEC-1
was used to evaluate the hydrologic response of four watersheds. The four
watersheds are identified in Table 3.1 and Figures 3.1-3.4. A general
description of the geological and hydrological characteristics of the four
watersheds is provided in the following sections,.

3.2 Phisiography And Topography :

Both  Sandlick creek and Crane creek lie in the Tug Fork basin
which encompasses nearly 1,560 square miles of Kentucky, Virginia and
West Virginia, Nearly the entire Tug Fork basin is in the Kanawha
section of the Appalachian Plateau physiographic province as defined in
Fenneman and Johnson (1984).

The topography of the Tug Faork basin is characterized by narrow
river wvalleys bprdered by steeply rising mountains. The rock
underlying is Lee formation consisting of sandstone, conglomerate,
shale, siltstone, coal, and underclay. It is characterized by
massive beds of  orthoquarzite that locally contains lenses of
conglomerate. In places sandstone makes wup more than 80 percent of
the formation. Rocks are typically sandstone that are 1light gray,
fine to coarse grained, thin to thick bedded, and locally massive. The

sandstone contains white- weathering feldspar, mica and carbonaccous
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TABLE 3.1 WATERSHED CHARACTERISTICS

Watershed Area Disturbed Area Watershed Saturated
Slope Hydraulic
: Conductivity
acres % % inch/hr
Crane Creek, W.Va. 346 0 50 2.50
R.F. Sandlick, w.va. 776 0 46 3.75
L. Millseat, Ky 205 0 42 4.8C
Cane Branch, Ky 429 12 . 20 2.77
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grains.

Little Millseat watershed is located 1in University of Kentucky's
Robinson Forest, a 15,000 acre research forest. The watershed is
characterized by steep slopes and narrow valleys. The bedrock is composed
of alternating layers of sandstones, siltstones, shales, and interbedded
layers of coal from the Breathitt formation of the Pennsylvanian Age
(Hutchins, et. al., 1976; Hanson, 1977).

Cane  Branch watershed is located in the Cumberland Plateau
physiographic section of southeastern Kentucky. The topegraphy of the
watershed is characterized by narrow, winding ridges and deep, steep-
sided, narrow valleys. The bedrock is Lee Formation of the Pennsylvanian
Age consisting of sandstone, siltstone, claystone, quartz conglomerate and
coal {Musser, 1963).

3.3 Land Use :

Most of the area in .Sandlick Creek and Crane Creek watersheds is
classified as forest land, primarily deciduous. The vegetation on
Little Millseat is dominated by the oak-hickory type. Except for a small
areﬁ of strib mining, the Cane Branch watershed is completely forested
with a mix of hardwecods and pines.

3.4 Soil Classification :

Most of the seils in Sandlick Creek and Crane Creek watershed are of
Clymer-Dekalb-Jefferson soil association. These are deep to moderately
deep, well~drained acid soils occupying the higher mountains of the
Appélachia. These soils are formed from the residuam of acid
sandstone and shale.

The soils of Little Millseat consist mostly of Shelocta, Gilpin,

Dekalb, Sequoia and Cutshin soil types {Smith, 1982), and have moderately
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rapid to rapid permeabilities (USDA, 1965). The Shelocta-Cutshin 'series,
a cove association, varles in depth from ahoﬁt 1.22 m to ;.83 m; the
Shelocta-Gilpin association averages 1.40 m deep, and the Dekalb-Sequoia
series, a ridge top association, is the shallowest with a 1.00 m average
depth (Smith, 1982). The deepest soils occur along the upslope sides of
benches and in cove sites, while rock outcrops are common along slopes and
outslope edges of benches (Springer and Coltharp, 1978).

The soils of Cane Branch watershed consist of Muskingum, Hartsells,
Johnsburg, Tilsit and Enders soil types (Musser, 1963). Soils in the
watershed aré silt loam in texture.

3.5 HRydrology :

The Crane Creek and Sandlick watersheds as stated previously are
characterized by steep slopes and narrow valleys ; thus reducing the
runoff travel time from the head waters to the lower parts of the area.
Intense storms and steep slopes cause severe flooding in the area. Floods
are usually of short duration but large magnitude.

Hydrograph peaks from Little Millseat watershed are sharp, rather
than the more rounded peaks that have been observed from most forested
watersheds where subsurface flow controls runoff (Curtis, 1972} . Curtis
(1972) believed that this was ?ue to shallow soils, steep slopes, and
horizontal impervious bedrock. The flashy nature of watersheds in this
" area was reported by Springer and Coltharp (1978). Mean annual streamflow
and mean annual duickflow are about 65 and 25% of mean annual
precipitation, respectively (Nuckols, 1982). Quickflow volume account for
almost one-half of the precipitation occuring in the winter, while in the
fall and summer only 13 to 16% of precipitation is converted to quickflow.

Nuckols {1982) believed that during the spring, summer, and fall the major
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portion of precipitation was routed through the terrestrial system
{subsurface flow). In all seasons quickflow runoff consistently accounts
for nearly one-half of the total runoff volume per season, indicating that
channel precipitation and the near-channel precipitation must be Vthe

primary contributor to stream flow for the watershed (Nuckeols, 1982).

Runoff in Cane Branch watershed averages about 22 inches annually.
The monthly runoff varies greatly during the year. Runoff in Febhruary
averages about 4.5 inches and is the highest; next in order of magnitude
are runoff in March with about 4.0 inches and in January with about 3.5
inches. More than half of the annual runoff generally occurs during these
3 consecutive months. The month of largest flow is generally October,
ﬁith runoff averaging between 0.1 and 0.2 inch. Most floods occur during
January, February and March.

3.8 Hydrologic Data :

Rainfall and associated runoff events from the previously described
watersheds were used to test the applicability of the runoff models
available in HEC-1 for steeply sloping forested watersheds. The Crane
Creek and Right Fork S;ndlick watersheds were monitored by USGS and the
data available are for a time increment of five minutes for a period of
about two years. Using this q;ta base, four rainfall -events were
identified for . use with the Crane Creek Watershed while two events were
identified for use with the Right Fork Sandlick watershed. Little
Millseat watershed is maintained by University of Kemtucky and data used
were for three fainfail-runoff events. The rainfall-runoff data of one
event for Cane Branch was provided by Dr. B. Wilson, Agriculture
Engineering Department, Oklahoma State University. The precipitation

hyetographs for the ten rainfall events for the four watersheds are
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provided in Appendix A.
3.7. Description of HEC-1 :

HEC-1 (HEC-1 Users Manual,1986) is a versatile and comprehensive
hydrologic model developed by the US Army Corps of Engineers, The
Hydrologic Engineering Center, Davis, California. It is designed to
simulate the surface runoff response of a river basin to
precipitation by repregenting the basin as an interconnected system
of hydrologic and hydraulic components. Each component models an
the precipation-rgnoff process within a portion of the
basin; referred to as a subbasin. Representation of a rcomponent
regquires a set of parameters which specify the particular
characteristics of the component and mathematical relations which
describe the physical process. The result of the modeling process is
the computation of streamflow hydrographs at desired locations in the
river hasin.

3.7.1 Assumptions And Limitations Of HEC-1 :

In HEC-1, a river basin is represented as an interconnected group
of sub—areas.ﬂ The assumption is made that the hydrologic processes can
be represented by model parameters which reflect average conditions
within a sub-area.

There are several imporatant limitations of the model.
Simulations are limited to a single storm due to the fact that
provision is not made for soil moisture recovery during period of no
precipitation. The model results are in terms of discharge and not
stage, although stages can be printed out by the program based on a
user specified rating curve. Stream flow routings are performed by

approximate methods and do not reflect the full St. Venant equations
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which are required for very flat river basin.
3.7.2 Steps To Use HEC-1 :
The following steps are taken to perform any computation using HEC-1:

i} A river basin is subdivided into an interconnected system of stream
components using topographic maps.
ii) The basin is subdivided into a number of subbasins. Each
subbasin is intended te represent an area of the watershed which on the
average has the same hydrologic/hydrauiic properties.
1ii) Each subbasin is represented by a combination of model
components. Among the components available are : subbasin runoff, river
rocting, reservoir routing, diversion and pump components.
iv) The subbasin and their components are 1linked together to
represent the connectivity of the river.
3.7.3 Capabilities Of HEC-1 :

HEC-1 is a versatile program with a whole range of capabilities.
Among the more important ones are:
1) Storm Hydrograph Generation :

The following options are available :

-a) Direct input to the progranm.

b} Clark unit hydrograph metho@.

¢) Snyder unit hydrograph method.

d} SCS dimensionless unit hydrograph method.

There are several infiltration options available for use with
the hydrograph generation options. They are listed below :

a) Initial and uniform loss rate.

b) Exponential loss rate.

¢} SCS curve number method.
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d) Holtan's less rate.
2} Channel Routing :
Options available are
a) Muskingum method.
b) Kinematic wave method,
3) Reservoir Routing :
Options availahle are :
a) Modified Puls method.
b} Working R and D method.
c) Level-pool reservoir routing method.
4} Parameter Calibration :
a) Unit hydrograph parameters.
b) Loss rate parameters.
5) Dam Safety Analysis
6) Flood Damage Analysis
7} Flood Control System Optimization
3.7.4 Modified Version of HEC-1 :

One of" the major drawbacks of HEC-1 is the absence of any
hydrograph generation option using a variable source area model which
combines subsurface flow and saturaFion agverland flow. The  kinematic
storage model {Sloan et al., 1983) and the saturation deficit model
(Beven and Wood, 1983) described in detail in chapter 2 are variable
source area models. Beth the models haﬁe coﬁponents for
subsurface flow and saturation ﬂoverland flow. These two models were
incorporated into HEC-1 and are now available in HEC-1 as new options

to generate storm runoff hydrograph.
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3.8. Non-Hortonian Flow Models :

Once the two subsurface flow models were embedded into HEC1, they
were used to evaluate the hydrologic response of the four watersheds to a
series of 10 different storms. The results of this analysis are discussed
in the following sections.

3.8.1. Results :

The two different non-Hortonian models were applied to each of the
four watersheds listed in table 3.1. The results of the analysis are
shown in tables 3.2a and 3.2b. The results were obtained by calibrating
the model parameters in orderlto get the best possible match between the
simulated response and the observed response. The calibrated parameters
for the kinematic storage mbdel include the saturated hydraulic
conductivity and the difference between saturated and field capacity water
contents. The calibrated parameters for the saturation deficit model
include the subsurface flow at zero deficit, the recession constant, the
initial subsurface flow, the maximum value of the SRZ store, and the time
delay constant.

Table 3.2a contains the optimized parameters for each stbrm event for
Both the models. Table 3.2b provides a comparison between the observed
and predicted hydrologic statistics for each model. The runoff
hydrographs for both the models for each storm event are provided in
figures 3.5 to 3.14.

For both the Crane Creek and Right Pork Sandlick watersheds, the
kinematic storage and the saturation deficit models tend to overpredict
the volume. As regards peak discharge, both the subsurface flow models
tend to substantially underpredict. In general, time of peak .is not

predicted very well by either the kinematic storage model or the
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TABLE 8.2a OPTIMIZED PARAMETERS : NON-HORTONIAN MODELS

|Watershed Storm No. Parameters
i
| KSM SDM
|
E Ks (Bs - ed) QO m Qi SRmax Uo
| 1 10.96 0.15 0.093 0.18 .00017 4.25 0.58
I
| 2 7.48 0.27 1.044 0.18 .00387 1.66 0.004490
| Crane Creek
| 3 2.45 0.16 1.155 0.17 .00209 0.88 0.001650
!
! 4 5.98 0.45 0.749 0.27 .00200 0.42 0.000317
t
| 1 8.55 0.27 0.119 0.46 .00150 1.25 0.000288
R.F. Sandlick
] Creek 2 19,17 0.40 1.452 0.20 .00370 0.31 0.000013
!
} 1 2.97 0.16 5.870 0.14 .00890 0.01 0.000011
[
| 2 52.14 0.39 0.128 0.48 .00376 1.03 2.13
!L. Millseat
| 3 1.43 0.30 1.830 0.19 .00180 1.48 0.000045
! - -
| Cane Branch 1 42.45 0.28 0.300 0.42 .00116 0.32 18.32
|
Definition of Parameters :
Ks : Saturated hydraulic conductivity.
93 - ed : Difference between saturated and field capacity water
) contents.
Qo : Subsurface flow when storage deficit is zero.
m : Recession constant.
Qi : Initial subsurface flow.
SRmax : Maximum value of SRZ store.
Uo : Time delay constant.
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TABLE 3.2b STATISTICS OF SELECTED HYDROLOGIC PARAMETERS

RON-HORTONIAN MODELS

Watershed Storm No.

Hydrologic Parameters

|

l

! Volume Peak Time of Peak

!

{ KSM SDM OBS KSM SDM OBS KsM SDM 0OBS
!

!

| 1 0.192 0.175 0.175 3.29 4.12 4.10 8.42 10.00 10.75
| J

] 2 0.047 0.047 0.040 1.56 3.91 3.90 1,00 1.0¢ 1.08
| Crane Creek

i 3 0.017 0.017 0.015 1.30 1.24 1.90 0.83 0.83 1.42
!

| 4 0.014 0.014 0.013 0.84 0.82 1.30 2.08 (.08 2.42
| .

| 1 0.009 0.010 0.009% 1.26 1.38 2.00 3.92 0.08 1.82
}R.F. Sandlick

| Creek 2 0.062 0.066 0.052 3.01 6.06 6.60 3.17 2.33 1.42
I

3

} 1 0.314 0.289 0.2861 1.28 2.13 2.28 1:0.50 0.50 2.50
!

| 2 3.292 3.043 2.351 11.90 19.58 16.61 50.00 38.00 48.50
fL. Millseat

} 3 0.059 0.063 0.055 0.44 0.50 0.74 17.50 34.50 7.00
|

§

| Cane Branch 1 1.160 1,156 0.866 68.46 69.98 58.88 10.00 10.25 10.75
|

Definitions :

KSM : Kinematic storage model values.
SDM : Saturation deficit model values.
OBS : Observed values.
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saturation deficit model. The saturation deficit model performed very
poorly. PFrom table 3.2a, it can be seen that for both models the
optimized parameter values are substantially different for different storm
events for the same watershed. An examination of the storm hydrographs on
figures 3.5 to .3.10 show that for all storm events, both the kKinematic
storage and saturation deficit models performed very poorly showing a very
delayed response to precipitation which is in sharp contrast to the
observed response.

Similar conclusicns can be reached for the four storm e&venis
associated with the Little Millseat watershed and the éane Branch
watershed. From the plots (Figs. 3.11 to 3.14), it can be seen that, in
general, the kinematic storage and saturation deficit models produce a
very delayed response with almost a constant discharge throughout the time
base of flow.

3.8.2 Discusaion of the Results :

The extensive review of literature dealing with the hydrology of
steeply sloping forested watersheds in humid regions suggested that
overland flow is a rare occurence in these areas. Rainfall-runoff data
were analyzed for four watersheds, two in West Virginia and two in Eastern
Kentucky using two subsurface mode1§n The hydraulic conductivities for
these watersheds were high enough that one would not expect saturatien
from above to occur except in isolated area anq on rare occasions of very
intense rainfall. However, when optimization of the rainfall-runoff
‘ process was carried out, neither one of the subsurface flow models did
very well indicating the probable absence of any substantial micropore

subsurface flow.
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3.9 Hortonian Plow Models :

In order to compare the performance of the non-Hortonian based models
to Hortonian based models, résults from both the kinematic storage model
and the saturation deficit model were compared with the results obtained
using Snyder's unit hydrograph method and Clark's unit hydrograph method.
The results of this comparison are discussed in the following sections.
3.9.1. Results :

Both Clark's and Snyder's models were applied to the four watersheds.
The resuits of the analysis are shown in tables 3.3a and 3.3b._ The runoff
hydrographs for bhoth the models for each stofm event are provided in
figures 3.5 to 3.14. As before, both models were calibrated in order to
obtain the closest match between the simulated events and the observed

events. The calibrated parameters for Clark's model include the final
infiltration rate, ‘the intial storage potential, the' time of
concentration, and the storage coefficient. The calibrated parameters for
Synder's model include the final infiltration fafe, the initial storage
potentiai, the time lag, and the peaking coefficient.

For bofh the Crane Creek and Right Fork Sandlick watersheds, Clark's
and Snyder's models either underpredict or match the observed runoff
volume. As regards peak discharge, Clark's and Snyder's model tend to
overpredict. In general, Clark's and Snyder's model gave good estimation
of the time of peak. From table 3.3a, it can be seen that for both
models the optimized parameter wvalues. are substantially different for
different storm events for the same watershed. An examination of the
storm hydrographs on figures 3.5 to 3.10 show that for all storm events,

Clark's model gave a very good match, closely followed by Snyder's model.
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TABLE 3.3a OPTIMIZED PARAMETERS :

HORTONIAN MODELS

I Watershed Storm No. Parameters

I

] Clark Snyder

[

! fc S Tc R fc S Tlag Cp
!

| i 0.01 0.65 2.27 15.91 .00 0.67 1.46 0.07
|

! 2 0.37 2.49 0.48 2.77 .08 2.74 0.43 0.13
| Crane Creek ,

| 3 0.01 2,55 0.85 3.01 .10 2.48 1.14 0.51
!

| 4 0.12 2.89 2.33 5.75 .23 2.87 2.34 0.50
i

| 1 0.15 1.12 1.87 3.42 .06 1.26 1.82 0.38
jR.F. Sandlick

| Creek 2 0.30 2.51 0.09 5.16 .29 2.52 0.21 0.04
t

} 1 0.31 0.20 2.80 18.21 .18 0.44 2.91 0.15
!

| 2 0.01 0.86 0.50 7.53 .01 0.87 1.06 0.14
L. Millseat

I 3 0.05 0.92 2.96 18.41 .19 0.65 6.80 0.29
!

| Cane Branch 1 0.09 0.63 0.55 3.64 .09 0.64 0.60 0.15
|

|

Definition of Parameters :

fc

S

Tc
R

Tlag

Cp

: Time of lag.

: Final infiltration rate.

: Time of concentration.

: Storage coefficient.

: Peaking coefficient.

: Initial storage potential.
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TABLE 3.3b STATISTICS OF SELECTED HYDROLOGIC PARAMETERS :
HORTONIAN MODELS )

| Watershed Storm No. Hydrologic Parameters

1

| Volume Peak Time of Peak

!

| CLK SNY 0BS CLK SNY OBS CLK SNY 0BsS
!

!

} 1 0.135 0.138 0.175 4.53 4.35 4.10 10.08 9.42 10.75
| i ,

t 2 0.035 0.036 0.040 3.38 3.20 3.90 0.83 0.75 1.08
| Crane Creek

| 3 0.017 0.014 G.015 i1.70 1.79 1.90 1.08 1.33 1.42
!

i 4 0.014 C.014 0.013 1.08 1.25 1.30 2.42 2.42 2.42
i

! 1 0.009 0.009 0.009 1.99 1.94 2.00 2.50 2.50 1.92
IR.F. Sandlick

| Creek 2 0.040. 0.038 0.052 6.39 6.19 6.60 .25 .25 1.42
1

]

| 1 0.263 0.260 0.261 2.32 2.33 2.28 3.00 3.00 2.50
|

| 2 2.193 2.177 2.351 13.85 13.85 16.61 50.00 50.00 48.50
L. Millseat

| 3 0.057 0.057 0.055 0.65 0.60 0.74 6.50 7.00 7.00
!

| Cane Branch 1 0.852 0.832 0.866 59.08 58.52 58.88 10.25 10.00 10.75
] .

!

Definitions :

CLK : Clark's model values.

SNY : Snyder‘s model values.

0BS : Cbserved values.
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Similar conclusions can be reached for the four storm events
associated with the Little Millseat watershed and the Cane Branch
watershed, From the plots.{Figs. 3.11 to 3.14), it can be seen that for
Clark's and Snyder's models the regeneration of the hydrographs is again
excellent, ‘

8.9.2. Discussion of Results :

It was suggested earlier that in steeply sloping forested watersheds
Hortonian overland does not usually occur. However, the optimized results
of the eleven rainfall events in four watersheds do show that two
Hortonian runoff models, Clark's and Snyder's models perfofm very well
suggesting at least a quick response flow mechanism in play.

3.10 Parameter Estimation for Hortonian Models :

As discussed earlier, Hortonian overland flow is generally thought to
be absent in steeply sloping forested watersheds considered in this
research. However, when the two Hortonian models were applied to these
watersheds, the models did quite well when the model parameters were
optimized. As a result, a decision was made to evaluate the performance
of the two Hdrtonian models with estimated parameter values. Parameter
estimates for the four watersheds were obtained using available
precipitation records, soil classif}cation maps and climatological data.
The following section§ describe the procedures emploved in the data
reduction.

3.10.1. Loss Rate Parameters :

For both Clark's and Snyder;s models the rainfall excess was
determined using Heoltan's Infiltration equation. Holtan's infiltration
equation involves four different parameters: a land use coefficient a, an

exponent n, a final infiltration rate fc, and the initial storage
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potential S. Estimates of these four parameters were obtained as follows.
3.10.1.1 Land Use Coefficient :

The land use coefficient a was assumed to be unity for the forested
watersheds considered in this research.
3.10.1.2 Infiltration Exponent :

The infiltration exponent n was assumed to have a value of 1.4.
3.10.1.3. Final Infiltration Rate :

To estimate the final infiltration rate for each watershed, the
dominant soil type was first identified. For Crane creek and R.F.
Sandlick this was done using information from Kiesler et al. {1983), for
Cane Branch from Musser (1963) and SCS (1970), and for Little Millseat
from SCS (1982) and Sloan (1983). Using this information the
corresponding hydrologic secil group (A,B.C or D) was obtained for each
watershed (Soil Conservation Service, 1972). Once the so0il group was
determined, fc was approximated from Musgrave (1955). An average value
for each watershed was used. The values of fc for the four watersheds are
shown in Table 3.4.
3.10.1.4 Initial Storage Potential :

‘The initial storage potential for a particular rainfall event was
determined using the following procedure. A heavy rainfall event was
identified several days prior to the heavy storm event, soil was assumed
to be at field capacity after the heavy rainfall event has occurred and
then soil-moisture accounting was done allowing evapotranspiration from
the soil using the following equation (Holtan et al., 1975)

ET = GI*K*EP*[ (Smax-~S)/AWmax]" (3.1)
where ET is evapotranspiration potential (in/day), GI is the growth index

of crops in % of maturity, K is the ratio of GI to pan evaporation, EP is
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the pan evaporation {in/day), Smax is the maximum storage potential (in},
S is the available storage potential (in), and AWmax is the maximum
available water for evapotranspiration {in). The exponent n is defined by
the following eguation :
n = AWnax/GWmax (3.2)

Where GWmax is the maximum gravity water in the soil profile {in).

Antecedent precipitation data for Crane creek and R.F. Sandlick creek
were obtained from the USGS., Antecedent precipitation data for Little
Millseat and Cane Branch were approximated using precipitation data for
nearby stations available from NOAA (1960, 1985, 1986). Pan evaporation
and temperature data for all four watersheds were estimated using
climatological data for nearby stations (NCAA, 1960, 1881, 1982, 1985,
1986). Growth index GI for the watersheds were approximated using
information in Veismann et al. (1977) and mean monthly temperature. The
ratio of GI to pan evaporation i.e., K was assumed to be 1.6 i.e. the
lower limit for forested watersheds {Veismann et al., 1977) for Crane
creek, R.F. Sandlick creek and Little Millséat. For Cane Branch K was
assumed to be 88% of 1.6 i.e., 1.41 since 88% of the watershed is
undisturbed. Data to estimate Smax, GWmax and AWmax for Crane creek and
R.F. Sandlick creek were obtained from Scott {1984) and Kiesler et al.
{1983). For Little Millseat, these values were obtained from Sloan (1983)
and SCS (1982); and for Cane Branch, from gusser (1963), SCS5 (1970) and
Wilson et al. (1984). 1Initial storage potential values for the ten storm
events are shown in Table 3.4.
3.10.2. Unit Hydrograph Parameters :

Clark's model require two parameters, time of concentration tc and

storage coefficient R, as input to the model. Snyder's model also require
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two parameters, time of lag Tlag and peaking coefficient Cp. The
estimation of these four parameters are described below.
3.10.2.1 Time of Concentration :

Time of concentration tc for the watersheds were approximated by the
upland method using the following equation (Soil Conservation Service,
1972):

tec = L/(3600 V) (3.3)

where tc is the time of concentration (hours), L is the hydraulic length
(ft) and V is the velocity (ft/s}. Hvdraulic lengths for Crane creek and
R.F. Sandlick creek were obtained from Scott (1984), for Little Millseat
from Sloan (1983), and for Cane Branch from Wilson et al. (1984).
Velocity V for all watersheds was estimated using the watershed slopes
from (Soil Conservation Service, 1972). The values of tc for the four
watersheds are shown in Table 3.4.

3.10.2.2 Storage Coefficient :

Storage coefficient R was assumed equal to the time of lag. The
values of R for the four watersheds are shown in Table 3.4.
3.10.2.3 Tiie of Lag :

" Time of lag Tlag was assumed to be 60% of time of concentration.
Table 3.4 shows the time of lag fo§~the four watersheds.
3.10.2.4 Peaking Coefficient :

Peaking coefficient Cp was assumed 0.70 for Crane creek which has a
very steep slope (50%). This was based on values of Cp cited in
literature ranging from 0.40 to 0.80 (Veissman et al., 1977). Using this
value as the reference, Cp for other watersheds were estimated based on
their slopes. The values of Cp for the four watersheds are also shown in

Table 3.4.
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TABLE 3.4 ESTIMATED PARAMETERS VALUES : HORTONIAN MODELS

!
i
I
|
I
I
|
I
!
!
|
!
|
I
|
!
I
t
|
!
|
!
I
l
!
|

Watershed Storm No. Parameters |
|

Clark Snyder |

|

a n fc 5 tc R n fc S Tlag Cp |

|

1 1.0 1.4 .225 3.91 1.12 0©.87 1.4 .225 3.91 0.67 0.70]

I

2 1.0 1.4 .225 5.47 1.12 0.67 1.4 .225 5.47 0.67 0.70|

Crane Creek N |
35 1.0 1.4 .225 5.67 1.12 0.67 1.4 .225 5.87 0.87 0.70|

I

4 1.0 1.4 .225 5.37 1.12 0.67 1.4 .225 5.37 0.87 0.70|

|

1 1.0 1.4 .220 5.09 1.71 1.03 1.4 .220 5.09 1.03 0.68|

R.F. Sandlick I
Creek 2 1.0 1.4 .220 4.84 1.71 1.03 1.4 .220 4.84 1.03 0.68|

I

1 1.0 1.4 0.16 5.54 0.80 0.54 1.4 0.16 5.54 0.54 0.65]

I

2 1.0 1.4 0.16 5.53 0.90 0.54 1.4 0.16 5.53 0.54 0.65|

L. Millseat [
3 1.0 1.4 0.18 5.90 0.90 0.54 1.4 0.16 5.90 0.54 0.85|

|

Cane Branch 1 1.0 1.4 0.14 3.83 1.30 0.78 1.4 0.14 3.83 0.78 0.52

Definition of Parameters :

te

Tlag :

Cp

Land use coefficient.

Infiltration exponent.

Final infiltration rate.

Initial storage potential.

Time of concentration
Storage coefficient.
Time of lag.

Peaking coefficient.

67



3.10.3. Results :

Both C(lark's and Snyder's models were applied to the four watersheds
using real data. Table 3.4 contains the realistic parameter wvalues for
the two Hortonian models. It was found that using realistic model
parameters neither Clark's model nor Snyder's model was able to produce
any rainfall excess and the runoff hydrograph consisted entirely of the
base flow.

3.10.4. Discussion of the Results :

Despite the good performance 2f ths +two Hortonian modals with
optimized parameters, the models failed to generate any rainfall excess
when realistic data were used. This means that all rainfall infiltrated
into the soil, thus indicating the distinct possibility of a quick
response subsurface flow mechanism of runoff hydrograph generation.

3.11 Conclusions :

As mentioned previously, the high hydraulic conductivity wvalues for
the watersheds tested do not indicate the presence of Hortonian overland
flow. 1In case of Little Millseat watershed, field observations support
this conclusion. For the four rainfall events cited, evidence of
Hortonian overland flow was never observed. Also when realistic values of
infiltration rate and subsurface stqrage potential were used, Clark's and
Snyder's models did not produce any rainfall excess, all precipitation was
infiltrated thus in fact corroborating field observations that no overland
flow’ occurfed. Furthermore, the kinematic storage model and the
saturation deficit model (slow response subsurface models) performed
poorly indicating the probable absence of any substantial micropore flow.
Therefore, the good performance of Clark's and Snyder's models and the

poor performance of the slow response subsurface models suggest the

68



necessity for developing a subsurface flow model which can account for the
quick response of the watersheds. The proposed model will therefore
incorporate macropore flow (quick response subsurface flow) in addition to

micropore flow (slow response subsurface flow). This topic will be

addressed in the next chapter.
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CHAPTER 4

A COMPREHENSIVE CONCEPTUAL MODEL FOR FORESTED WATERSHEDS
4.1 Introduction :

From the discussions in the previous chapter it is apparent that both
Beven and Wood's saturated deficit model and Sloan et al.'s Kinematic
storage model were inadequate in predicting the rapid hydrologic response
of the forested watersheds. Although both Snyder's and Clark's models
were able to produce better correlations between the observed and
predicted hydrographs, the resulting hydrologic parameters were not
realistic. As a result an alternative model structuré is proposed which
incorporates a rapid response mechanism (macropore flow) while still

maintaining the predominantly observed flow mechanism of subsurface flow.

4.2. General Description of the Model :

The comprehensive hydrologic model developed in this research is
based on a storag; approach. A fundamental assumption of <the model is
that the catchment under study may be subdivided into several subcatchment
units which‘ are relatively homogeneous in their hydrolegic reéponse and
which therefore may be modeled separately. This subdivision is carried
out on the basis of the channel network, not only because it is a
convenient and objective method, :but also because routing from the
subcatchment outflow through the channel network may have a significant
influence on the final distribution of the catchment discharge (Surkan,
1968; Kirkby, 1976).

The simulated discharges from each subcatchment are routed through
the channel to the catchment outflow. The model structure reflects the
variabhle source area concept unifying all the possible runoff

generation processes from Hortonian overland flow to subsurface flow
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including macropore flow. The subcatchment model is shown in figures
4.1 and 4.2. The model comprises three storage components : a macropore
store, a micropore store and a surface store. These storage components
are described in the following sections.

4.2.1. Macropore Store :

The macropore store has a maximum value of Smpmax which represents
the maximum amount of water that can be held in the so0il macropores.
Smpmax does not however representfthe limiting storage value to produce
macropore flow as will be explained Ilater. With the initiation of a
rainfall event, a fraction of the rainfall is considered diverted to the
macropore store. The remaining rainfall may either infiltrate the scoil
micropores or run off the catchment as overland flow. The fraction which
enters the macropores is a function of the type and density of vegetation
as well as percent of area having vegetal openings on the soil surface.
If at any time the macropore store exceeds its maximum value, an overflow
from the macropore store to the micropore store occurs.

4.2.2. Micropore Store : |

The micropore store comprises a gravity water store and an available
water store. The available water store has a maximum value of AWmax and
the gravity water store, GWmax. The rate at which rain water infiltrates
the soil micropores is a function of the storage potential of the
micropore store {Holtan, 1961). The initial storage potential is a
function of maximum storage potential and the antecedent moisture
condition of the soil. As soon as the available water store becomes full,
additional rain water begins toc fill up the gravity water store. The flow
through the s0il micropores is termed Qmi and is an outflow from the

gravity water store.
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4.2.3. Surface Store :

The surface store accounts for overland flow due both to  Hortonian
type of flow as well as saturation overland flow. The assumptions are
that Hortonian overland flow occurs whenever the rainfall rate exceeds
the infiltration rate and saturation overland flow occurs whenever
gravity water in the subsurface store exceeds one-half of the maximum
gravity water store.

4.3 Detailed Description of the Model :
4.3.1, Macropore Storage :

The continuity equation for flow- through macropore store can be

written as,

dSmp  _ _

-—-—- = Rmp - Qmp (4.1}

dt
where Smp is the effective macropore storage, ﬁmp is the average rate of
the vertical input into the macroporé store and ﬁmp is the average rate of

outfliow from the macropores.

Equation (4.1) can be written in explicit finite difference form as,

Smpz— Smp1

=g s (Pmp1+ Pmp,)/(24t) - (Qmp + Qmp,)/2 (4.2)

where At = t2 - tl' Qmp is the outflow from the macropores (LT_I) and
subscripts 1 and 2 refer to the beginning and end of the time period
respectively. The definitions of Smp and Pmp will vary depending on
whether any gravity water is present in ihe micropore store. Therefore,
in this regard, two scenarios are possible (Figs. 4.1 and 4.2).

When gravity water is absent (Scenaric I), Smp is given by,

Smp = Smpss (4.3)

where Smpss is volume of the water in the macropore store. Pmp is the
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vertical input into the macropore store and is given by,

Pmp = amp P (4.4)
where P is the rainfall andlc:mp is the fraction of the precipitation
entering the soil macropores.
When gravity water is present (Scenario II), Smp is given by
Smp = Smpss + GW (4.5}
where Smpss is the volume of water in the macropore store and GW is the
volume of water in the gravity water:store. Pmp is the vertical input
into the combined macropore-gravity water store and is given by,
Pmp = {1 - x)(1 - B)P {(4.6)
where « is the fraction of the rainfall contributing to saturation
overland flow, 8 is the fraction of the rainfall contributing to Hortonian
overland flow, and P is the amount of rainfall.
If the macropore store is considered as a linear reservoir, then the
correspohding storage-discharge relationship can be written as,
Smp = Cmp Qmp (4.7)
where Cmp is defined as the macropore storage constant (T). This constant
is a function of soil type, Ilength and depth of hillslope and the

watershed slope.

Substituting equation (4.7) in egquation (4.2) and rearranging,

Cmp[Qmpz - Qmp1] ) [Pmp1 + Pmpz] [thl + Qmpa]
At - (24t) - 2

(4.8)
Solving equation {4.8) explicitly we have, '
Qmp, = [(Pmp,+Pmp,) - Qmp At + 2Cmp Qmp, ]/(2Cmp+At)  (4.9)
Then Smp2 at the end of time step At is computed by,
Smp2 = Cmp/Qmp2 (4.10)
If there is no gravity water, the macropore store acts independently

of the gravity water store. [If however, gravity water is present, it is
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assumed that an instantaneous inflow takes place from the gravity water
store to the macropore store in order to maintain flow in the macropores.
This affects the gravity water store in the following way,

oW = e’ . (1 - a)(1 - B)Pmi - Qmp At (4.11)
where ﬁﬁﬁ is the average value of Qmp over the time step.

If the computed value of Gwnew using equation (4.11}) is 1less than
zero, it means that there is not enough water in the gravity store to

ne
provide the entire amount of macropore flow. As a result, GW w

takes a
value of 2zero and additional water for macropore flow is supplied by the
macropore store. This leads to the following changes in the macropore
store and the gravity store,

Smpssnew = Smpss°1d +a P - GWD {4.12)

mp
W™ = 0 (4.13)
where GWD is equivalent to the absolute value of equation (4.11).

If however, the computed value of Gwnew using equation (4.11) is
greéter than zero, this means that the entire amount of water for
macropore flow is supplied by the gravity store. For this case, the
gravity watér store is given by equation (4.11) and the macropore store is
then affected as follows,

Smpssnew = SmpssOld + Qmp P B Smpssnew £ Smpmax (4.14)
where Smpmax is the maximum macropore storage value and is given by,
Smpmax = asmp Smax (4.15)
where asmp is the ratio of macroporosity to microporosity and Smax is the
haximum micropere storage potential. Smax is given by,
Smax = Gwmax + AWmax : {4.186)

If at any time Smpss exceeds Smpmax, excess water is diverted from

the macropore store to the gravity water store. This results in the
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following changes in the gravity store and the macropore store,

oWtV - GWOld + (Smpssnew - Smpmax} (4.17)
Smpssnew = Smpmax (4.18)
old new
where GW in equation (4.17) is actually the GW value calculated

using either equation (4.11) or (4.13) depending on the circumstances.
4.3.2. Micropore Storage :

The micropore storage comprises a gravity water store with a2 maximum
value of GWmax and an available water store with a maximum value of
AWmax. Two scenarios are also possible with micropore store depending on
the absence or presence of gravity water. If gravity water. is absent
{Scenario 1I), then using Holtan's approach (Holtan, 1961) the following
equation can be written for the rate of infiltration into the soil
micropores,

f = a(s-F)" (4.19)
where f is the rate of infiltration inteo scil micropores (LT_I}.'S is the'
maximum storage potential of soil after accounting for antecedent moisture
condition (L), F is the accumulated infiltration (L), a is a coefficient
for land uée pattern and n is an exponent assumed to be 2 constant for a
given soil.

The current storage potential‘S is given by,

§ =S -F (4.20)

Now, using equations (4.19) and (4.20},

S -8 = aS"at (4.21)
ar, . . .

F(S) = as™at -S + § (4.22)
differentiating,

F({3) = nas® 1 At «+ 1 (4.23)
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Equation (4.23) can be solved by Newton's method using,

8, = s, ,- F(Si'l)/ F'(Si_

i i<1 (4.24)

1)
where i refers to iteration step in the solution process.

Micropore flow is assumed to be zero if gravity water is absent.
However, with the continuation of the storm, as soon as the available
water becomes full, additional rainwater begins to £fill wup the gravity
water store. This marks the beginning of scenario II and the ensuing flow
through the soil micropores. The micropore flow (slow response subsurface
flow) is termed Qmi and is an outflow from the gravity water store. The
outflow {per unit area} from the gravity water store through the
micropores is given by Darcy's law as,

Qs = Ks ih (4.25)
where Qs is the micropore flow per unit area (LT-I). Ks is the saturated
hydraulic conductivity of soil (LT-I) and i is the hydraulic gradient.

For the proposed model, the hydraulic gradient is assumed to be equal
to the bed slope. Using the conceptual hillslope (Fig. 2.1} used by
Sloan et al. (1983) as mentioned previously, equation {4.25) can be
written as,

Qs = Ks sin!a) h (4.286)
where h is the eguivalent water leéel in the conceptual hillslope (L).
The variable h is assumed proportional to gravity water store and given
by,
h = (2GW/GWmax}D {4.27)

where D is the depth of hillslope (L). From equations (4.26) and (4.27),

Qs = Ks sin{a) (2GW/GWmax)D - {4.28)

Therefore, the flow per unit width may be expressed as,

I}

Qs/l (Ks sin{a)) (D/1) (2GW/GWmax) {(4.29)
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or, Qmi = Css Cg (2GW/GWmax) (4.30)

where,
Gmi = Q_/1 (4.31)
Css = Ks sin{a) (4.32)
Cg = D/1 {4.33)

Where Css is termed the micropore flow welocity (Lqu) and Cg is termed
the geometric factor of the watershed.

A water balance calculation is then made to find the new beginning of
time step gravity water storage in the following manner,

beg _ ow? _ gai at ; ow>eE

GW 20 (4.34)
where ﬁﬁf is the average Qmi value over the time step.
4.3.3. Surface Storage :

The surface storage accounts for overland flow. OQverland flow
may comprise two components : Hortonian overland flow and saturation
overland flow.
4.3.3.1. Hortonian Overland Flow :

Hortonian overland flow occurs whenever raintfall rate exceeds
infiltratioﬂ rate. This may be expressed as,

dPmi/dt > f : {4.35)
where f is the rate of infiltratiop-(LT‘I). The definitions of Pmi varies
depending on the state of the gravity water store. If it is empty, Pmi is
the fraction of rainfall which either infiltrates the micropores or runs
off as overland flow (Li and is éivan by,

Pmi = (1 - “mp) P (4.36)
where amp is the fraction of rainfall falling into the soil macropores and

P is the amount of rainfall (L).

If the gravity water store is not empty, Pmi equals the amount of
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precipitation and therefore given by,
Pmi = P (4.37)
4.3.3.2 Saturation Overland Flow :
Saturation overland flow occurs whenever gravity water store exXceeds
one half of maximum gravity water storage. This may be expressed as,
GW > 0.50 GWmax (4.38)
where GW is the gravity water store in the micropore store (L) and GWmax
is the maximum gravity water storage (L). The above conclusion -is based
on the conceptual hillislope (fieure 2.1) mnsed in the develcpment of the
kinematic storage model of Sloan et al. {1983). They assumed that
saturation overland flow occurs over the conceptual hillslope as soon as
the water table which is hinged at point A intersects the ground
surface (point B). Equation (4.38) can be cbtained by assuming that the
maximum possible storage in the hillslope is equal to the maximum
gravity water storage.
4.3.3.3 Distribution of Overland Flow :
Depending on the rainfall rate and the amount of gravity water

storage, the fraction of rainfall which becomes overland flow is given by,

Y =c{i - 3)Pmi + BPmi (4.39)
where,

o = (2GW -GWmax)/GWmax (4.40)
and, 8 =1 if dPmi/dt > £ (4.41)

8 =0 if dPmi/dt < £ (4.42)

Equation (4.40) is also derived using the conceptual hillslope (Fig.

2.2) used by Sleoan et al. (1983}.
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There may be four coﬁbinations of the situations as
described above :
i) GW < 0.50 GWmax and dPmi/dt < f : a=0 and B = 0; therfore there
is no overland flow.
1i) GW < 0.50 GWmax and dPmi/dt > f : o = Oand g = 1; therefore
there %s only Hortonian overland flow.
iii) GW > 0.50 GWmax and dPmi/dt < f : > 0 and § = 0; therefore
there is only saturation overland flow.
iv} GW > 0.350 GWmax and dPmi/dt > f : @« > 0 and B8 = 1;: therfore there

is Hortonian overland flow as well as saturation owerland flow.

80



CHAPTER &

COMPREHENSIVE MODEL RESULTS

5.1. Introduction :

In order to assess the utility of the new comprehensive watershed
model, it was embedded into HEC-1. Subsequently the model was applied to
the four watersheds mentioned in chapter three.

5.2. Modified Version of HEC-1 :

As stated in chapter three, the two slow response subsurface models,
the kinematic storage model and the saturation deficit model, were unable
to predict with reasonable accuracy the hydrologic response of the four
steeply sloping forested watersheds even with optimized parameters. In
contrast, the two Hortonian models, Clark's and Snyder's models, were able
to predict accurately the hydrologic response of the watersheds with
optimized parameteré. However, the final parameter wvalues were
unrealistic and also different for different rainfall events for the same
watershed. Moreover, with realistic data the Hﬁrtonian models were unable
to generate any rainfall excess. The good performance of tﬂe Hortonian
models with optimization and their subsequent inability to produce any
rainfall excess (with realistic data) led to the conclusion that a quick
response subsurface flow mechanism Ié responsible for sterm hydrograph
generation in the modeled watersheds. As a result a comprehensive
watershed model was developed which incorporated all of the possible flow
mechanism inclusive of a quick response subsurface flow mechanism. This
model was incorporated into HEC-1 and is now available in HEC-1 as a new

option to calculate runoff hydrograph.
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5.3. Comprehensive Model Application :

Once the comprehensive watershed model was embedded into HEC-1, it
was used to evaluate theAhydrologic reéponse of the four watersheds to the
set of 10 different storms mentioned in chapter three. The data reduction
and the results of the analysis are discussed in the following sections.
5.3.1. Data Reduction :

The comprehensive watershed model (COMWAM) requires as input nine
parameters: three for the infiltration model component, a, n and S, three
for the micropore model component. OWmax, Css, and Cg, and three for the

macropore model component, o qsmp and Cmp. All these pafameters have

'
been defined in chapter four.

Infiltration model parameters and the micropore model parameter GWmax
were estimated in the same way as stated in chapter three. The micropore
model parameters Css and Cg were estimated using values of watershed
slope, lepgth, depth and saturated hydraulic conductivity of soil. These
data were all obtained from the sources referred to in chapter three. The
values of all these parameters are shown in Table 5.1. Since at this
point no method has been devised to estimate the macropore model
parameters, a decision was made to obtain estimates of these parameters
through model calibration. |

5.3.2. Results :

The comprehensive watershed model was applied to the four watersheds.
The results of the analysis are shown in Tables 5.2 and 5.3. ~ Table '5.2
contains the optimized macropore model parameters for each storm event.
Table 5.3 provides a comparison between the observed and predic;ed
hydrologic statistics for the model. The runoff hydrographs for each

storm event are provided in Figures 5.1 to 5.10.
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TABLE 5.1 BSTIMATED PARAMETER VALUES :

COMPREHENSIVE WATERSHED MODEL

{Watershed Storm No. Parameters

! a n S Smax GWmax Css Cg
i

!

] 1 1.0 1.4 .91 9.77 3.47 .12 .00195
|

l 2 1.0 1.4 w-Yi 9.77 3.4% .12 .00195
| Crane Creek

] 3 1.0 1.4 .67 9.77 3.47 .12 ,00195
i

| 4 1.0 1.4 .37 9.77 3.47 .12 .00195
|

| 1 1.0 1.4 .09 7.586 2.68 .87 .00067
|R.F. Sandlick

! Creek 2 1.0 1.4 .84 7.56 2.68 .57 .0Q0067
|

| 1 1.0 1.4 .54 10.16 4.78 .86 ,00576
|

1 2 1.0 1.4 .53 10.16 4.78 .86 .00576
L. Millseat

| 3 1.0 1.4 .90 10.16 4.78 .86 .00576
!

| Cane Branch 1 1.0 1.4 .83 7.23 2.64 .54 .00435
| i

Definition of parameters :

a

n

S

Smax

GWmax :

Css

Ce

Land use coefficient.

Infiltration exponent.

Initial storage potential.’

Maximum storage potential.

Maximum gravity water store.

Micropore flow velocity.

Geometric factor of watershed.
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TABLE 5.2 OPTIMIZED PARAMETERS : COMPREHENSIVE WATERSHED MODEL

| Watershed Storm No. Parameters

|

| CWM

!

! Lo o Cmp S
f mp smp

| 1 0.08 0.87 23.71 3.98
|

{ 2 Q.04 0.01 3.64 5.95
| Crane Creek

i 3 0.02 0.33 3.13 4.36
t

| 4 0.02 0.07 5.75 4.70
!

| i 0.01 0.95 3.84 4.50
|R.F. Sandlick '

| Creek 2 0.04 0.57 4.49 5.71
I

! 1 0.22 0.87 15.22 5.65
|

| 2 0.43 0.32 7.70 5.91
L. Millseat

i 3 0.05 0.96 14.28 5.95
{ .

| Cane Branch 1 0.22 0.28 3.12 4.07
!

Definition of Parameters :

cmp_ Fraction of precipitation entering soil macropores.
asmp : Ratio of’macroporosity to microporosity.

Cmp : Macropore storage constaﬁt.

s : Initial storage potential.
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TABLR 8.3 STATISTICS OF SELECTED HYDROLOGIC PARAMETERS :

COMPREHENSIVE WATERSHED MODEL

| Watershed Storm No. Hydrologic Parameters

i .

| Volume Peak Time of Peak
f

| CWM 0BS CwWM 0BS CWM 0BS
|

| ,

| 177 L1735 4.18 4.10 8.42 10.75
l

} .039 .040 3.06 3.90 0.58 1.08
| Crane Creek

| .016 .015 1.60 1.90 0.58 1.42
|

| .014 .013 1.12 1.30 1.58 2.42
E

| .010 .00% 1.51 2.00 3.17 1.92
|R.F. Sandlick

{ Creek .051 .052 6.13 6.60 1.08 1.42
|

| .264 . 261 2.06 2.28 5.50 2.50
f

i .276 .351 15.03 16.61 50.00 48.50
L. Millseat

} .059 .055 0.53 0.74 4.00 7.00
|

| Cane Branch 97T . 866 59.76 58.88 10.25 10.75
l

Definitions :

CWM : Comprehensive watershed model values.

0BS : Observed values.
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For all four watersheds, the comprehensive watershed model tends to
overpredict the volume. As regards peak discharge, the model tends to
slightly underpredict. In general, the time of peak for the predicted
hydrographs is shorter than that for the observed hydrographs thus
indicating a quicker response of peak flow using the model. From the
plots (Figs. 5.1 to 5.10), it can be seen that the hydrographs produced
with the model match the general characteristics of the observed
hydrographs fairly well.

5.3.3. Discussion of Results :

The comprehensive model developed in this research gives better
performance than both the slow response subsurface medels with optimized
parameters and the Hortonian models with realistic parameters. It would
appear that the rapid flow response which was observed in the four
watersheds may be adequately predicted by the use of a conceptual model
which incorporated a quick response (macropore) flow mechanism. In the
proposed model the macropore flow response was simulated using a linear

reservoir model.
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CHAPTER 8

SUNMNARY AND CONCLUSIONS
8.1. Summary :

The objective of this research was to develop a watershed model to
simulate the hydrologic response of steeply sloping forested watersheds.
As part of this objective, two non-Hortonian and two Hortonian models were
tested with data from selected watersheds in West Virginia and eastern
Kentucky. This was done in order to understand the different mechanisms
of flow responsible for storm hydrograph generation in this type of
watersheds. Based on the understanding of the flow processes involved, an
attempt was made to develop a comprehensive watershed model "which
incorporated all possible runoff generation mechanisms including quick
response subsurface flow (macropore flow).

The two non-Hortonian models tested were the kinematic storage model
(Sloan et al., 1983) and the saturation deficit model (Beven and Wood,
1983). Both of these models were embedded in HEC-1, a hydrologic software
package developed by Corps of Engineers, Davis, California. The models
were applied to ten different storms‘in four watersheds in order to assess
their applicability to the predicéion of the hydrologic response of
steeply sloping forested watersheds. The results show that models which
account only for slow' response subsurface flow (micropore flow} were
unable to regenerate runoff hydrographs in the four forested watersheds
considered in this research.

The two Hortonian models tested were Clark's unitgraph model and
Snyder's unitgraph model (available in HEC-1). These models were also

applied to the previously mentioned ten storms. The results demonstrate
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that with parameter optimization, these two models can simulate with
substantial accuracy the hydrologic response of this type of watersheds.
However, the parameter values so obtained are very unrealistic.
Furthermore, with realistic data, these models did not work for these
watersheds because of the absence of any rainfall excess.

The failure of the slow response subsurface models and the success of
the Hortonian models with optimized parameters led to the conclusion of a
possible quick response subsurface flow mechanism being in play. This
backdrop provided the justification for developing a comprehensive
watershed model which incorporates a quick response macropore flow
mechanism.

Based on the conclusions from the testing of the two non-Hortonian
and the two Hortonian models, a simple conceptual comprehensive watershed
model was developed for predicting storm hydrograph from small, steeply
sloping forested watersheds. The conceptual model incorporates all types
of flow processes including macropore flow (quick response subsurface
flow). Once the conceptual model was developed it was embedded in the
HEC-1 watersﬂed program in order to provide a more comprehensive framework
for modeling large tributary watersheds.

An evaluation of the resulting model was made using the data from the
previously mentioned four watersheds in West Virginia and eastern
Kentucky. The model predicted with reasonable accuracy the response of
these watersheds to precipitation. The correlation of runcff velume, peak
flow and time of peak between observed and predicted hydrographs was good.
The results indicate that the model! is capable of simulating the
hydrologic response of this type of watersheds while at the same time

depicting the actual flow mechanism in play.
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6.2. Conclusions :

The conclusions reached from this study may be outlined as follows:
a) The primary process involved in the runoff generation of the modeled
steeply sloping forested watersheds was subsurface quick flow (macropore
flow). |
b) Slow response subsurface models like the kinematic storage model and
the saturation deficit model were inadequate for simulating the runoff
response of the modeled watersheds.
c)} Hortonian madels like Clark's and Snyder's models were inoperative for
the modeled watershedg with realistic data because of the absence of any
rainfall excess. However, with complete parameter optimization, these
models performed gquite well although the final parameter values were
unrealistic.
d} Watershed models delineating the actual physical process are necesary
in order to better understand the flow mechanism involved in steeply
sloping forested watersheds.
e} The comprehensive watershed model developed in this research predicts
with reasonaﬁle accuracy the hydrologic response of steeply sloping
forested watersheds taking into account the actual flow processes
involved.
68.3. Recommendations for Future Research :
a) The model developed during the _current study may serve as the
starting point in the future development of more useful simple conceptual
comprehensive watershed models which would inciude all possible flow
processes.
b) No method has been developed so far to estimate the parameters of the

macropore component of the comprehensive model, These include Gmp’ Qsmp
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and Cmp. To develop guidelines for evaluating these parameters, tests on
a physical hillslope model under a controlled environment are recommended.
It should be understood that even with tests on a hillslope and even after
developing guidelines for estimating cnp' &smp and Cmp, the fact remains
that the model developed in this research is a conceptual one and hence
does not entirely explain the physics of macropore flow.

c) For reasons mentioned in recommendation (b) and as a natural ;equel
to the present model, efforts should be directed towards developing a more
physically based model which considers the physical flow relationships
embedded in macropore flow. Experimentations on a physical hillslope
under controlled conditions can then .be utilized more effectively in
relating the parameters of the model to the hydrologic and geomorphologic
characteristics of the hillslope. Better correlations among +the model
parameters and the watershed characteristics will certainly enhance the
ability to predict the hydrologic response of the watershed while taking
into account the actual flow mechanism in play. More importantly however,
it is hoped that these correlations will lead to an increased
understqndiné of the source and movement of pollutants within the
watershed. As a result, it is expected that improved management practices

may be identified for the proper management of the watershed.
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