Accumulation of Streamflow in Complex Topography
by Digital Terrain Models
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I. Introduction

1. Model Purpose

The past decade or two has seen a wealth
of watershed model development, ranging
from single lumped parameter linear
response models to complex parametric or de-
These latter

models attempt to simulate the surface and

terministic nonlinear models.

subsurface movement of water in great de-
tail. Much argument has been heard concern-
ing the utility of the more complex models in
practical applicative capability as compared
to the more simple models. An infinite num-

ber of factors influences the accumulation of
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flow on real watersheds. No existing model
would be of practical use if it were not due
to the fact that the net result of all of these
factors is a retardation of the progress of in-
dividual water particles, arriving as precipita-
tion, in their journey to the watershed outlet.
Fortunately, the infinite variety of flow paths
result in a combined outflow that is effective-
ly an weighted average measure of this infi-
nite variety at any Instant in time, or for
short segments of time. If all of these flow
paths behave In the same way, independent
of time, then lumped parameter linear models
would be the best choice. As everyone

knows, real watersheds are highly nonlinear
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in their runoff response. This nonlinearity is
due to a vast number of factors. Some fac-
tors are more important than others. The
purpose of the research effort, and hence the
model being presented herein, is to investi-
gate the relative influence of some of the
more Important nonlinear factors.

The model presented herein is referred to
as a synthetic model in an attempt to differ-
entiate it from practical models. It is not In-
. tended for practical application, but only to
investigate the effects of space and time vari-
ant surface runoff, soil moisture, interflow of
shallow groundwater flow, and infiltration
exfiltration over real topographic surfaces.
The only real world data to be used are digi-
tal terrain data.

The digital terrain modeling technique is il-
lustrated in Fig. 1. Rectangular grid digital
terrain data is first contoured using an auto-
mated contouring package. The contour in-
terval 1s chosen small enough to adequately
represent the changing hillside slope, showing
slope breaks and divides. The resulting digi-
tal contour point strings are next edited, re-
moving excess points, and then stitched to-
gether with a triangulated mesh as shown in
Fig. 1. The reason for selecting an irregular
triangulated network digital terrain model 1s
to provide a geometrically more precise rep-
resentation of a complex surface. The move-
ment of water downslope corresponds to the
gradient direction of each triangle lying
along the flow path. The combined surface-
subsurface model treats each triangle as an
equivalent rectangle with equal area and as-
pect ratio, thereby producing a sequential se-

ries of plane surfaces downslope, culminating
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Fig. 1. Partial triangulation of a Watershed
' Segment using Contours

In a stream segment. The stream segments
then accumulate the flow as a drainage tree

until the watershed outlet is reached.
2. Background

Most popular watershed models often used
by hydrologists have utilized a Hortonian
concept of runoff generation, which state
that runoff can be generated when the rate
of rainfall exceeds the absorptive capacity, or
infiltration rate of the soil. Ground water
flow 1is treated as baseflow, which will
respond after a long delay, a few days of
weeks after, but not during the storm.
Actual observations of rainfall-runoff events,
In many cases, contradict this approach
showing a subsurface response within a
delay as short as a few minutes, or a fraction
of an hour. It appears to be evident that rain-
fall which exceeds the infiltration rate of the
soil will run off, but quick runoff responses
are infiltration caused by relatively light rain-
falls that are much lower than the infiltration
rate. Therefore, the Hortonian concept can
not be generally true and at best draws a
partial picture of the mechanisms involved in
the rainfall-runoff process.

The mechanisms In the generation of
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streamflow have been traditionally identified
as overland flow, interflow which Is saturat-
ed near surface flow, and ground water flow
which displacement of stored water from
upslope®®10, Overland flow may occur when
the rainfall intensity exceeds the infiltration
rate of the soil in Hortonian concept, or when
the saturation of near surface zone leads to

seepage flow which is exfiltration. Hortonian

overland flow predominates on those soils

having low infiltrability. The upland water-
shed of hilly area, which is of major interest
here, is likely to have high infiltration rates
feeding a shallow subsurface interflow. Ther-
efore, simulating runoff by accounting for
only overland flow Is not appropriate in this
situation. It has been suggested that, in the
small upland catchments, the interflow along
soll layers should be taken into account®#).
The variable source area concept proposed
by Hewlett!” may be a better way to inter-
pret and explain runoff accumulation from
upland watersheds. Many current rainfall-
runoff modeling techniques are based on the
assumption that a watershed s lumped
that

streamflow 1s generated by processes which

hydraulics system. In other words,
operate uniformly over the catchment sur-
face, and therefore the catchment has a
source area equal to the basin area. Although
popular models such as TR-20 of Soil Conser-
vation Service and HEC-1 of Corps of engi-
neers discretize the watershed into several
subwatersheds, each subwatershed is still a
large lumped hydraulic system that is still
not small enough to demonstrate the concept
of variable source flow component. Shanholtz

et al® have developed a rainfall-runoff

model using smaller subareas which are indi-
vidual elements in a finite element solution
technique. Without the capability of account-
ing for the interflow; the model can only best
describe the overland flow, but not the varia-
ble source area. The information contained in
the digital terrain’ model can be used to
discretize the watershed into many very
small finite elements as shown m Fig. 1.
Each element can be treated as a contribut-
ing source area. This paper proposes a
synthetic rainfall-runoff model which can ac-
count for both overland flow and interflow,
and the infiltration exfiltration process be-
tween the two. It utilizes the complex topo-
provided by high

graphic  information

resolution digital terrain models.

II. General Descriptions of the
Model

Each triangular element in the digital ter-
rain model is assumed to maintain hydrologic
and topographic homogeneity within its
boundary.

The orientation of flow direction, slope,
hydrologic and topographic characteristics of
the element are stored in the digital terrain
model files. Therefore, the contributing ele-
ments to each stream segment can be estab-
lished. By suitable transformation as ex-
plained earlier, the contributing elements can
be treated as a series of planes over of
through which the flow passes. Thus the
water is routed continuously through a com-
bination of overland flow and interflow from
the uppermost plane element down to the

stream segment.



3

i

2283 A A)38F A53 19963 10¢

Kinematic wave routing is used when over-
land flow occurs, while interflow occurs ac-
cording to Darcy’s law. The storage-dis-
charge history of the entire hillslope system
of rectangular elements i1s based on a water
balance i.e. mass continuity.

An expandable and shrinkable interflow
zone 1Is assumed to adequately represent sub-
surface flow. The zone thickness will increase
or decrease depending on the availability of
water supply and the rate of soil moisture
draining downslope, which 1s equivalent to
the mass balance principle. The vertical pro-
file of the element 1s shown in Fig. 2. It is as-
sumed that the maximum extension rate of
the interflow zone 1s a function of its thick-
ness and the initial hydraulic conductivity
which 1s equivalent to the infiltration rate of
the soil as follows:

= f, exp(-kH)

where {=extension rate of interflow zone, m

/min, f,=extension rate of interflow zone

VLD

i
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Fig. 2. Vertical Profile of Element

when its thickness is equal to zero, m/min, k
=a constant which corresponds to initial
hydraulic conductivity), and H=the thick-
ness of Interflow zone, m.

The upper bound of the zone is the soil sur-
face and the lower bound is the wetting front
which will vary with time. The movement of
subsurface water downslope follows Darcy’s
law which states that the interflow rate will
depend on the saturated thickness, soil hori-
zontal hydraulic conductivity, and the sur-

face slope, or hydraulic gradient as follows:

where Q=interflow rate along the slope, K=
hydraulic conductivity along the slope, and S
=surface slope.

The possible sources of water input to the
subsurface system of each element are the sub-
surface flow from the upslope element, and
availability of overland flow or rainfall for In-
filtration, which treated as lateral inflow.
Exfiltration flow and interflow to the adjacent
downslope element are sources of water out-
put. The governing water balance in the sub-
surface system will determine whether the
Interflow zone of the present element should
extend or shrink, thus determining the lateral
inflow rate term on the surface.

The surface flow is described by the well-
known Saint-Venant hydrodynamic continu-
ity and momentum equations. The equation
of continuity in conservative form can be ex-

pressed as follows:

Oh,  Oh_ Ou_
ot “or ax ¢
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and the equation of momentum is also ex-
pressed as follows:
1 0u, uodu, oh _

+E 7:E+§;E =

q

gh

2 oz S-§;

(u—uy) - (4)
where gq=lateral inflow per unit length of

flow plane, t=time, x=distance along
downslope direction, H=depth of overland
flow, u=velocity, u,=x component of the ve-
locity of the lateral inflow, g=acceleration
due to gravity, S=surface slope, and S;=
friction slope.

However, to solve the complete equations,
one will encounter a system of non-linear
hyperbolic partial differential equations. Due
to the complexity and difficulty of solving
the full equations, the kinematic wave ap-
proximation‘ was applied to the momentum
equation. The justification of this procedure
is well documented in the literature®379,
The kinematic wave approximation requires
that there has to be a balance between the
gravitational and frictional forces involved in
the momentum equation and it can be repre-
sented by a uniform flow equation such as

Manning’s equation as follows:

where n=Manning’s n, then the continuity
equation can be rewritten as follows:
oh,5 ,2

ot +§Qh3

oh _

oxr ¢

1 1
where. a=—252.
n

The non-linear hyperbolic Equation(6) can

then be solved by applying backward finite

difference scheme in time t and distance x.
The scheme is shown in Fig. 3, and the differ-

ence equation of becomes as follows®:

1
hm,nzm&[ hm,n—1+ Aahm—l, at qm,nAt]
................................................... (7)
_5, 4 o4
where @ = Bamhim_l,/i =~ Jr
s
l hm— + N hmv n
n : JL
” (
n-1
T B o
—  dx l¢——
m-1 m >

Fig. 3. Finite Difference Scheme
The linear stability of the scheme is
unconditionally stable, which is easily proved
by the method of Von Neumann?). Since the
initial conditions and boundary conditions of
the utmost element are known, the depth of
flow on the present element at the current
time can be directly computed from the depth
of flow on the element at previous time step
and the depth of flow on upstream element
at current time step. Therefore, the solution
can be obtained by propagating downstream.
The overland outflow of the element is then
calculated by using Manning’s equation.

Before propagating to the next element,

the mass balance is checked for the present
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element, including both overland flow with
lateral inflow, and interflow. If an error cor-
rection is required it is needed distributed
over the whole element.

The computations continue and advance to
the adjacent downslope element until the
stream segment is encountered. The accumu-
lation of the streamflow is determined as the
sum of the outflows of overland flow and
interflow of the last element. The whole pro-
cedure is then repeated in the next time step
until the maximum time specified. Fig. 4

shows the schematic flowchart of the model.
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Fig. 4. Schematic Flowchart of the Model

II. Results and Discussions

A synthetic series of ten planes has been
used to test the performance of the model.
Two cases of spatial uniform rainfalls are ex-
ercised. One of them is a temporal uniform
rainfall of 10cm/hr(4inch/hr) intensity with
duration of 20 minutes, the other is a time
varied rainfall which has a intensity of 10cm
/hr(4inch/hr) in the first 20 minutes, 15¢cm/
hr(6inch/hr)in the next 20 minutes followed
by 10cm/hr(4inch/hr) in the last 20 minutes.
The total duration 1s 60 minutes. The result-
ing hydrographs of the streamflows are
shown in Fig. 5 which indicates a significant
contribution of the interflow to the streamflow.

Fig. 6 shows the saturation history of the

sloping soil exaggerating in the vertical scale.
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Fig. 6. Time Variation of Soil Moisture

As shown in Fig. 6, the pocket and band sat-
urations of soil on the hillslope, stated by
Hewlett!, are produced by the model. It
should be noted that the saturated conditions
are reached first at the concave slope transi-
tions, producing local exfiltration, equivalent
to hillside springs observed on real water-
sheds.

IV. Conclusions

A synthetic rainfall runoff model which
can account for both overland flow
andinterflow, and the infiltration-exfiltration

process between the two is proposed. The

adaptation of the model is tested using a
synthetic series of ten planes and two cases
of spatial uniform rainfalls.

From the present investigation, the follow-

ing conclusions have resulted;

- Rainfall which exceeds the infiltration
rate of the soil will run off, but quick
runoff responses are sometime caused by
relatively light rainfalls that are much
lower than the infiltration rate.

-In the small upland catchment, the
interflow along soil layers should take

into account.

The model demonstrated the ability to
simulate the detail flow behavior ob-

served in actual upland watershed.

1

The model also demonstrated the ability
to display both spatial and temporal vari-

ation.
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