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Abstract. A simple and efficient procedure for incorporating the effects of stream
channel geometry in the distributed modeling of catchment dynamics is developed. At-a-
station and downstream fluvial relationships are combined and the obtained laws of
variability in space and time for water-surface width and wetted perimeter are
incorporated into a diffusion wave routing model based on the Muskingum-Cunge method
with variable parameters. The parameterization obtained is applied to the approximately
840-km? Sieve catchment (Central Italian Apennines) to test the possibility of estimating
channel geometry parameters from cross-section surveys and to assess the impact of
dynamic variations in the channel geometry on catchment dynamics. The use of the
estimated channel geometry in surface runoff routing produces a significant improvement
in the flood hydrograph description at the catchment outlet with respect to less detailed
network parameterizations. In addition, the results obtained from a “downstream” analysis
of the velocity field indicate that the stream characteristics related to the locally varying
cross-section shape may have a strong control on flow velocities, and thus they should be
monitored and synthesized for a comprehensive description of the distributed catchment

dynamics.

1. Introduction

Recent advances in remote sensing, geographic information
systems, and computer technology make the use of distributed
hydrologic models an attractive approach to flow simulation
and prediction. The linkage of a distributed hydrologic model
with the spatial data handling capabilities of digital elevation
models (DEMs) and digital terrain models (DTMs) offers ad-
vantages associated with utilizing the full information content
of spatially distributed data to analyze hydrologic processes.
The major areas of application of distributed models are in
forecasting the effects of land use change, the effects of spa-
tially variable inputs and outputs, the movement of pollutants
and sediments, and the hydrologic response of ungauged
catchments [Beven and O’Connell, 1982].

Surface runoff constitutes an important component of the
hydrologic response of a catchment to climate and land use
forcing. The early work by Sherman [1932] has influenced the
approach taken by many engineers and scientists in character-
izing components of hydrographs and in methods for estimat-
ing catchment response to a given storm. However, a descrip-
tion of hydrologic response using either a unit hydrograph
(UH) or instantaneous unit hydrograph (IUH) assumes a time
invariant and linear response [Dooge, 1959]. This is not always
realistic, especially for small catchments [Minshall, 1960]. A
pioneering approach to physical modeling of surface runoff
was initiated through the simplified model of a catchment
idealized by an open book geometry [Wooding, 1965a, b, 1966].
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Wooding [1965b] demonstrated that the nonlinearity inherent
in his descriptions of hillslopes and network responses results
in a catchment’s unit response departing from linear theory
such that peak discharge is not linearly proportional to the
rainfall excess intensity, and the time to peak is not constant.
Wooding’s [1965b] analysis did not examine the effects of com-
plex stream network geometry upon catchment responses. A
variety of methods exists for automatically extracting channel
network from DEMs [e.g., Mark, 1983; Band, 1986; Morris and
Heerdegen, 1988; Smith et al., 1990; Monigomery and Foufoula-
Georgiou, 1993], but little attention has been paid to the role of
the stream channel geometry in hydrologic routing [e.g.,
Howard, 1990; Myers, 1991]. The control of channel geometry
on velocity and travel times determines the distribution of
flood storage over the watershed. In some of the traditional
hydrograph synthesis procedures, this distribution of storage is
represented by a conceptual model of storage elements,
through which the rainfall excess and runoff are routed. De-
termination of sizes and arrangement of the storage elements
in the computational model are usually carried out by relating
velocities or storage to some geomorphological parameters
(which are usually a function of stream length and channel
slope) or by performing hydraulic calculations to estimate ve-
locity in various reaches of the stream system of the watershed.
In both cases, numerical constants are normally determined by
fitting computed hydrographs to observed ones. However, this
approach may neglect the storage and travel time in the small
tributary channels and in overland flow, and generally inade-
quate data are available, particularly for the high flood flows of
interest. In addition, cross-sectional area, hydraulic radius, and
slope often vary markedly within reaches of natural streams,
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Figure 1. Sketch of the DEM-based drainage network order-
ing system introduced in section 2.1,
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and average values may not be representative. In the present
paper a new method for incorporating the effects of dynamic
variations in channel geometry in a distributed, DEM-based
flood-routing model is developed. The method is tested on the
Sieve catchment of the Central Italian Apennines.

2. Model Formulation

The catchment hydrologic response is considered as if de-
termined by the two processes of hillslope and channel trans-
port, operating across all the hillslopes and stream channels
forming a catchment. The developed formulation is designed
to improve the description of surface runoff propagation in a
generic drainage system, where both infiltration-excess (Hor-
ton type) and saturation-excess (Dunne type) surface runoff
production mechanisms occur. Surface runoff is not allowed to
infiltrate in downslope cells even when the soil profile of these
cells is not saturated. The runoff-runon problem is likely to be
important where broad sheet flow occurs but relatively unim-
portant when the flow concentrates in defined rills, channels,
and streams, as assumed here. There are two main aspects of
the catchment model presented in this work. The first aspect
concerns the description of a natural drainage system in terms
of hydrologically relevant features; the second concerns the
incorporation of these features into a distributed, diffusion
wave model of catchment dynamics.

2.1. Drainage System Description

Surface runoff over hillslopes or agricultural watersheds ini-
tially starts as sheet flow, then it concentrates into a series of
small channels. The flow concentrations are due to either to-
pographic irregularities or differences in soil erodibility. As
runoff continues, erosion progresses and these channels
deepen and widen as a function of slope steepness, runoff
characteristics, and soil erodibility. Such erosion-formed mi-
crochannels are called rills or rivulets [Emmett, 1978; Li et al.,
1980]. At the hillslope base runoff is drained by the stream
network. The propagation of flow in space and time through a
mountain network of rills and streams is mainly complicated by
three factors: junctions and tributaries, variation in cross sec-
tion, and variation in resistance as a function both of flow
depth and of location along the stream channel.
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In the proposed formulation the drainage system topogra-
phy and composition are described by extracting automatically
a conceptual drainage network from the catchment DEM.
Each of the DEM cells is characterized by a maximum-slope
pointer, and the conceptual channels within cells are organized
into the ordering system sketched in Figure 1. Ordering is
defined by assigning to each cell two numbers: the cell order
and the link number. The first is the sum of the orders of the
neighboring upslope cells from which the cell can receive wa-
ter; source cells are assigned order 1. The link number iden-
tifies the first cell of each link in the drainage system; it is equal
to the cell order for the uppermost cell of the link and to zero
for the other link cells. Distinction between hillslope rill and
network channel cells is based on the “constant critical support
area concept” as described by Montgomery and Foufoula-
Georgiou [1993]. Rill flow is assumed to occur for all those
catchment cells for which the upstream drainage area 4 does
not exceed the constant threshold value A4 .., while channel flow
is assumed to occur for all those cells for which 4 equals or
exceeds 4,. More sophisticated criteria for identifying hill-
slopes and channels, such as that of “critical value of normal-
ized convergence” introduced by Howard [1994], may be used
in those cases for which the simple “constant critical support
area concept” provides unsatisfactory outcomes. While an ex-
plicit description of network composition and locally varying
channel bed slope can be obtained by purely processing the
catchment DEM, additional concepts are required to incorpo-
rate the effects of locally varying channel geometry and rough-
ness on flow propagation. In the proposed formulation atten-
tion is focused on both at-a-station and downstream
variabilities in channel network geometry, whereas channel
roughness is assumed to vary in a downstream direction along
the drainage system but not at a given station. In this regard
the detail with which the natural system is described is for-
feited in exchange for simplicity to better identify the effects of
the innovative aspects in the proposed formulation.

If surveying of the cross-sectional geometries of one-
dimensional river systems is normally an exacting but possible
task, an adequate field inspection of natural drainage systems
may require prohibitive efforts, especially for catchments of
practical interest. In addition, since mountain rivers construct
their own geometries, the stream channel geometry of natural
drainage systems is often subjected to radical change, and this
would require a continuous updating of surveys. In the impos-
sibility of direct acquirement of channel geometry for complex
drainage systems, a conceptual representation of the broad
features of channel geometry may be formulated on the basis
of fluvial geomorphological studies pioneered, among others,
by Kennedy [1895), Lacey [1929], and Blench [1951] for stable
canals and by Leopold and Maddock [1953] and Lane [1957] for
rivers. The studies of Leopold and Maddock [1953] showed that
superimposed on the great heterogeneity among any group of
stream channels there were certain broad generalizations that
tied natural river channels into continua, on which certain
characteristics seemed to apply equally to a wide variety of
cases. Described under the term “hydraulic geometry,” these
generalizations indicated that in responding to loads of water
and sediment imposed on them, rivers changed their forms in
discernible ways. Fluvial geomorphological relationships pro-
vide insights on the variation of hydraulic geometry of reaches
within a channel system and this may synthesize the informa-
tion required for a particular drainage system in order to de-
scribe the effects of the dynamic variations in channel geom-
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etry on catchment dynamics. In the proposed parameterization
fluvial relationships are used to characterize both hillslope rills
and network channels dynamics. The extension of power law
hydraulic geometry derived for rivers to hillslope rills is carried
out in the present work heuristically, and future experimental
and theoretical efforts may be devoted to providing an exhaus-
tive validation of this model assumption.

The relevant channel geometry in the diffusion wave mod-
eling of catchment dynamics is synthesized by combining at-a-
station and downstream fluvial relationships for water-surface
width and wetted perimeter. According to Leopold and Mad-
dock [1953], if one considers discharge of various frequencies,
Q, at a point of the river network, the water-surface width W
scales with Q as

W=a'Q", 1
where the scaling coefficient a’ depends on the location of that
point and the exponent b’ is a characteristic of the channel
network as a whole. When considering discharge with the same
frequency, Q,, at different points moving downstream in the
basin, the corresponding channel width W, is given by

W,=a"Qr, )
where a” and b" are characteristics of the river network. Al-
though this is not necessarily equivalent to considering dis-
charge resulting from the same event at different points, it can
be assumed as a reasonable indicator of what may occur in that
situation [Bras, 1990].

Relationships (1) and (2) are combined into a single equa-
tion to represent the dynamics of water-surface flow width at
any point of the channel network in response to surface runoff
forcing events. From equation (1) one obtains, for a given
point in the channel network,

v-(3)

W, \Q,)
where W, and Q, are the values of flow width and discharge at
that point as given by (2). Equation (2) yields

W, ( o} )”"
W" o _\ Q" o ’
where W, , and Q, , are the values of the flow width and

discharge at the basin outlet, for the considered frequency. By
combining (3) and (4), one obtains

2.\"(2\"
e 2)(2)
Qr [ Qr
As discharges in the various reaches corresponding to an out-
flow Q, , are not known, estimation from a geomorphological

relation is necessary. Leopold et al. [1964] report a relation of
wide applicability as

€)

4

®

Q, x A", (6)
where Q, is the bank-full discharge and A is the drainage area.
The observed exponent in (6) arises from two important fac-
tors: nonuniform precipitation and the diffusional effects of
downstream flow routing (A. D. Howard, personal communi-
cation, 1997). Since the routing model will account for the
latter and since spatially explicit modeling of precipitation
could account for the former, in the proposed formulation the
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exponent in (6) is assumed equal to unity. Under this assump-
tion and using Q,, for Q,, it is assumed that Q, < A and thus

0, 4
0.4, )

A, being the catchment area, which is substituted for Q0,/Q, ,
in (5) to obtain

W=wQ", ®)
where W is a variable scaling coefficient depending on location
in the river network and is given by

W =W, 0;7(AlIA)"", )
W, , being the water surface width at the catchment outlet
corresponding to the arbitrary but fixed value of flow discharge
Qo
Lacey [1939] utilized measurements of channel characteris-
tics made on reaches of Indian canals that through time had
achieved a stable cross section. He proposed a number of
empirical equations that were derived from these data. In-
cluded in his “basic equations” is one relating wetted perimeter
P to discharge Q. This equation is identical in form to the
downstream width-discharge relationship found by Leopold
and Maddock [1953] for river data, inasmuch as the wetted
perimeter P is nearly equal to the water-surface width W as it
verifies for wide channels. Lacey [1939] recognized that his
equation relating wetted perimeter to discharge applied to
many natural streams, but having few river data, he could not
explore the limits of its applicability. Because of the small
range of intercepts in the canal data and the fact that the few
individual measurements on rivers also happened to plot with
nearly the same intercept as the canal data, Lacey [1939] con-
cluded that his fluvial relationship was fundamental and that it
was independent of sediment size. Following Lacey [1939], the
at-a-station fluvial relationship for the wetted perimeter can be
written as

P=c'Q%, (10)
where the scaling coefficient ¢’ depends on the section loca-
tion and the exponent d’ is a characteristic of the channel
network as a whole. When considering discharge with the same
frequency, Q,, at different points moving downstream in the
basin, the corresponding channel width P, is given by

P, =c"Q7, (11)
where ¢” and d” are characteristics of the river network. Re-
lationships (10) and (11) are combined into a single equation
to represent the dynamics of wetted perimeter at any point of
the channel network in response to surface runoff forcing
events, yielding

P =90, (12)
where @ is a variable scaling coefficient depending on location
in the river network and is given by

P =P, 0 (AIA)"?, (13)
P, , being the wetted perimeter at the catchment outlet cor-
responding to the arbitrary but fixed value of flow discharge Q, .
An additional relationship concerns the cross-sectional flow
area (). From the at-a-station and downstream relationships



1974
t j+1 j+1
Q. Q.
(j+1)At ! l gy
j+1
At AL i
j At ¢ ]
Q | As | Qin
0
0 i As (i+1)As s

Figure 2. Space-time computational grid of the Muskingum-
Cunge method.

Q = e’Q/'
Q= e”Qf”

(14)
(15)

where the scaling coefficient e’ depends on the location of the
considered cross section, while f’, e”, and f” are characteristics
of the river network, one can obtain

Q=0,,07(4/4Y7Q", (16)
Q, , being the cross-sectional flow area at the catchment outlet
corresponding to the arbitrary but fixed value of flow discharge
0, .- The parameters (Q2, ,, f', f") will be estimated in section
3.1 on the basis of the hydraulic laws of flow resistance, and the
obtained relationship will be used at the end of section 3.2 to
synthesize the variability in space and time of ) during flood
events. Relationship (16) will not be incorporated into the
routing scheme developed in section 2.2.

The relevant hydraulic geometry in natural drainage systems
is synthesized through (8), (9), (12), and (13), where, once Q, ,,
is fixed, (W, ,, ', ") and (P, ,, d', d") are the only struc-
tural parameters of the system. Field inspection is required to
provide estimates of these structural parameters for both hill-
slope rill and network channel geometries in a given drainage
system. During a flood the active channel water-surface width
and wetted perimeter scale dynamically with discharge with the
same exponent of the at-a-station relationships, and with the
upstream basin area with an exponent equal to the difference
of those of downstream and at-a-station relationships. The
effects of the dynamic variations in rill and channel geometry
on flow propagation are reproduced by incorporating (8), (9),
(12), and (13) into a distributed, DEM-based flood-routing
model.

2.2. Diffusion Wave Modeling

A routing scheme developed on the basis of the Muskingum-
Cunge method with variable parameters is used in the present
study to describe both hillslope rill and network channel flows.
This scheme is based on the formulation introduced by Cunge
[1969] and further extended by Ponce and Yevjevich [1978] and
Ponce [1986]. The model routes surface runoff downstream
from the uppermost DEM cell in the basin to the outlet,
following the drainage network ordering system described in
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section 2.1 (Figure 1). A given cell will receive water from its
upslope neighbors and discharge to its downslope neighbor.
For cells of flow convergence the upstream inflow hydrograph
is taken as the sum of the outflow hydrographs of the neigh-
boring upslope cells from which the cell receives water. At any
catchment cell the lateral inflow rate (discharge per unit chan-
nel length) to the elemental channel within the cell is given by

q. = qAxAy/As, )

where g denotes the local contribution rate (discharge per unit
catchment area) to surface runoff, Ax and Ay are the cell
spacings in the direction of the x and y horizontal coordinates,
and As is the channel length within the cell. Inflow hydro-
graphs and lateral inflows g, are routed onto each elemental
channel via the routing equation

Qi = COIT + C01 + G0l + Cugli,

where @/ || is the discharge at network link point (i + 1)As
and time (j + 1)At, and ¢, 1 | is the lateral inflow rate at the
(i + 1)thlink cell and (j + 1)th time interval (Figure 2). The
routing coefficients, C,, C,, C;, and C,, are expressed by the
Natural Environment Research Council [1975] as

c(At/As) — 2X

(18)

' 201 = X) ¥ c,(At/As)’ (19)
c,(At/As) + 2X
2= 201 = X) + ci(At/As)”’ (20)
2(1 — X) — c,(At/As)
Cs= 30 =X) ¥ cu(At/hs)” 21)
2CkAt
C, (22)

T 2(1 — X) + ci(At/As)’

where ¢, is the kinematic wave celerity and X is the weighting
factor introduced by Cunge [1969] for discretizing the kine-
matic flow equation

aQ Y
T + ¢y 55~ CML (23)
This weighting factor X is used to match the numerical diffu-

sion coefficient of the scheme

D,=cAs(1/2 - X), (24)

and the hydraulic diffusivity D, in the convection-diffusion
flow equation

80 00 3’0

y‘i‘ckg:DhTsz‘i'quL. (25)
Incorporating (12) into the Manning-Gauckler-Strickler
friction equation

Q — ksstIZP(Q)72/3QS/3’ (26)

where kg is the apparent Gauckler-Strickler roughness coeffi-
cient (kg = 1/n, n being the Manning roughness coefficient),
S is the friction slope (slope of the energy grade line), () is the
flow area, and the wetted perimeter P is expressed as a func-
tion of O on the basis of the kinematic flow assumption (that
implies a single stage flow rating curve), yields

Q — kgl(3+2d’)sf3/[2(3+2d’)]g> —2/(3+2d’)Q5/(3+24')_ (27)
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As shown in the appendix, the kinematic flood wave celerity
c, = dQ/d) is

cp = 5/(3 + zdr)kg/SSgllﬂ@ —2/5Q2/5(1*d'), (28)
where S, = sin B is the channel bed slope, 8 being the channel
bed inclination angle. On the basis of (8) and (12) the hydraulic
diffusivity D,, is expressed by

30" cos B

Dv=33v2a0Ws,

(29)
and thus, by matching D, and D, given by (24) and (29),
respectively, the weighting factor X can be expressed as a
function of channel and flow characteristics, that is

X=1/21 - D), (30)
where D is the cell Reynolds number,
30" cos
D Q B (31

T B+ 2d)WS,cihs

Wave celerity ¢, and weighting factor X are varied at each
computational cell according to (28), (30), and (31), in which
discharge Q is estimated via a three-point average discharge Q
= (Q) + @ ., + @i*Y)/3 [Ponce and Yevjevich, 1978]. By
varying X with flow the numerical diffusion coefficient D, is
used to simulate the hydraulic diffusivity D,, of the actual flood
wave. For X = 1/2 there is no numerical diffusion. For X >
1/2 the numerical diffusion coefficient is negative, and the
numerical scheme is therefore unstable; however, such occur-
rence is avoided by matching numerical and physical diffusivi-
ties, and this ensures the unconditional stability of the scheme.
In the Muskingum-Cunge method X is interpreted as a diffu-
sion-matching factor, and thus negative values of X are possi-
ble. The reliability and robustness of the developed scheme in
terms of mass conservation, accuracy, and consistency (re-
ferred to by Ponce [1986] as the ability of the routing procedure
to produce the same results regardless of grid size) are dis-
cussed by Orlandini and Rosso [1996]. Advantages of the Musk-
ingum-Cunge method with variable parameters over the stan-
dard kinematic wave methods are discussed by Ponce [1986].
Some of the disadvantages of the Muskingum-Cunge method
are that it cannot handle downstream disturbances that prop-
agate upstream and that it does not accurately predict the
discharge hydrograph at a downstream boundary when there
are large variations in the kinematic wave speed such as those
that result from inundation of large flood plains [Natural En-
vironment Research Council, 1975]. Simulation of backwater
effects in catchment dynamics can be relevant to allow flow
over “digital dams” (due to errors in DEM data). For example,
in the model presented by Julien et al. [1995], surface water
accumulates behind the barrier until the depth exceeds the
barrier height and then spills over. In the formulation pre-
sented here, “digital pits” are filled in a preprocessing step,
before extracting the channel network from the catchment
DEM, so that a certain degree of accuracy in the catchment
topography representation is forfeited in exchange for simplic-
ity and robustness in the flow dynamics description. It is em-
phasized here that fluvial relationships for water-surface width
W and wetted perimeter P are incorporated into the routing
model to improve the description of catchment dynamics ex-
pressed in terms of flow discharge Q. The dynamic variations
of mean flow depth Y,, = Q/W, hydraulic radius R = {}/P,
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and mean flow velocity U = Q/Q) can be obtained from the
calculated values of Q on the basis of the kinematic flow
assumption expressed by (27) and using the relationships (8),
(9), (12), and (13).

3. Catchment Application

The developed parameterization is applied to the Sieve
catchment, located in the Central Italian Apennines, near the
city of Florence. The area of the Sieve catchment is A, =
841.76 km?. Except in the valley, which is dedicated to agri-
culture, the terrain is forested and mountainous, with an av-
erage elevation of 470 m above sea level. The elevation of the
highest peak is 1657 m, and the outlet is at 50 m above sea
level. The climate is Mediterranean. The rainy season lasts
from October until April, with peaks in November and Feb-
ruary. Runoff generation is mostly infiltration excess (Horton
type) overland flow, a consequence of heavy storms over
steeply sloping terrains with low hydraulic conductivities
(~107!-10° mm h™'). Under these particular circumstances
the model developed by Orlandini et al. [1996] is used to de-
scribe water yield from hillslopes. This model consists of a time
compression approximation (TCA) soil water balance model,
which provides local contributions to surface and subsurface
runoff at each DEM cell and for each time step of the dis-
cretized simulation period. Surface and subsurface runoff are
routed downstream by means of two different diffusion wave
schemes based on the Manning-Gauckler-Strickler and Darcy
flow equations, respectively. At the hillslope base subsurface
runoff is drained by the channel network and it is routed (along
with surface runoff) towards the catchment outlet. It is stressed
here that the parameterization developed in the present paper
is aimed at improving the description of the surface runoff
propagation process, independently of the production mecha-
nisms from which this surface runoff is generated.

The catchment area is horizontally discretized into 5261 cells
with a 400-m grid spacing (Figure 3). The DEM is processed to
obtain estimated distributed terrain slopes and the automati-
cally generated drainage network described in section 2.1. Hill-
slope rill and network channel cells are identified through the
“critical support area concept” with constant threshold A, =
1.28 km?, corresponding to eight DEM cells. This threshold
area produces a network that compares very favorably with
blue lines depicted in topographic maps at the scale 1:200,000
[Carld et al., 1987]. Surface cover and soil properties are as-
signed to each DEM cell, and the TCA water balance model
developed by Orlandini et al. [1996] is applied to calculate local
contribution to infiltration excess runoff in response to storm
events at 1-hour time step resolution. Gauckler-Strickler
roughness is also assigned to each DEM cell of the catchment
on the basis of data reported in the literature [e.g., Emmett,
1978; Bathurst, 1993]. In order to explore the hydraulic impli-
cations of the locally varying channel shape in the Sieve drain-
age system, the surveyed features of many cross sections along
the catchment mainstream are synthesized to provide esti-
mates of the channel geometry structural parameters intro-
duced in section 2.1, and surface runoff is routed using the
model developed in section 2.2.

3.1. Estimating Channel Geometry Parameters

Downstream scaling coefficients and exponents reported in
published hydraulic geometry relationships exhibit consider-
able variation [Park, 1977]. Reported values of the downstream
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Figure 3. A 400 m X 400 m resolution Sieve catchment DEM showing the cells in which hillslope rill flow
(white cells) and network channel flow (black cells) occurs.

width exponent b” in (2), for instance, range from 0.20 to 0.65,
with an average value of 0.50 [Carlston, 1969; Knighton, 1987).
Downstream scaling coefficients are generally more variable
than exponents [Knighton, 1987]. Hence the estimation of scal-
ing coefficients and exponents of the relevant hydraulic geom-
etry of natural drainage systems should be based on detailed
field inspections, where simultaneous measurements of both
geometry and flow characteristics are carried out [e.g., Os-
terkamp and Hedman, 1977; Mosley, 1981; Rhoads, 1991; Kol-
berg and Howard, 1995]. However, costs and time required for
such inspections make them not always justified for many ap-
plications in river engineering. In thase circumstances a pro-
cedure of parameterization based on the surveying of only the
cross-sectional shapes may be a useful tool for incorporating
the broad features of channel geometry in hydrologic routing.
This problem is dealt with in the present section with reference
to the Sieve catchment.

For the Sieve catchment, only a detailed survey of 144 cross
sections along the mainstream is available. This information is
assumed to be adequate to characterize the network channel
geometry, whereas reasonable but not field-based parameter
evaluations are used to characterize hillslope rill geometry,
assuming that the response of hillslopes is relatively less im-
portant than network response for the considered drainage
system. As shown by Wooding [1965b], Kirkby [1976], and
Beven and Wood [1993), for small catchments (4 < 100 km?)
hillslope response is more important than network response;
with increasing catchment size, catchment response becomes
increasingly dominated by the network response. Channel ge-
ometry parameters introduced in section 2.1 are calibrated
through a DEM-based automatic procedure that can consider
only a single cross-section survey for each DEM cell. For this
reason only 87 of the 144 available cross-section surveys along
the Sieve catchment main channel are used in the following
calibration exercise. Two of these channel surveys are shown as
examples in Figure 4.

For each surveyed cross section, local channel roughness
and slope are extracted from DTM and DEM data so that flow
characteristics W = W(Q), P = P(Q), and Q) = Q(Q) are
calculated on the basis of the Manning-Gauckler-Strickler uni-
form flow equation. Since the considered cross sections display
compound shapes (as generally happens in nature), following
common practice they are divided into several distinct subsec-
tions (vertical slices) and, to take account of the different flow

velocities in the various subsections, the uniform flow equation
(26) is expressed in the form

N,
Q — kssll2 i P-—2/3Q-5/3

=1

(32)

where the roughness coefficient kg (ks = 1/n, n being the
Manning roughness) and the local channel bed slope S, are
assumed to be constant over the N, slices into which the
section is subdivided, whereas P; and (), are the wetted pe-
rimeter and flow area of the ith slice (i = 1,-++, N,),
respectively. The calculated characteristics for W, P, and () are
obtained by means of (32), generating for increasing flow
depths in the section an adequate number of data points (Q,

W), (Q, P), and (Q, (1), respectively. The calculated data

220
- | Section 149
- | bed surfage ——
215 — Lwoter surface
~ -
E A
[ = :
2 210 -
] "
>
3 3
] ]
205 —
200—........ — T
220 270 . 320 370 420
distance (m)
108
| Section 22
| bed surface ——
-1 | water surface
?102—
- .
L -
- -
g —
b 96 —
[} -
90_.........,.'.

— T
150 200

[=]

S50 100
distance {m)

Figure 4. Two surveyed cross sections of the upper (section
149) and lower (section 22) part of the main stream in the
Sieve catchment (Figure 9, Table 4). Dots indicate the water-
surface level at the time of surveying.
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points are used as standards and fitted to the power function
models given by (1), (10), and (14), respectively, so that esti-
mates of the at-a-station scaling coefficients and exponents
(a’, b"), (c', d'), and (e’, f'), respectively, are provided.
Logarithms are introduced to solve fitting problems as ordi-
nary least squares (OLS) linear regressions and coefficients of
determination r? are calculated to provide a goodness-of-fit
measure. This procedure is shown for water-surface width in
Figure 5 (where linear scales are used), with reference to the
two cross sections of Figure 4. The calculated characteristics
W = W(Q) are given by an adequate number of data points
(Q, W) obtained numerically by means of (32) for increasing
flow depths in the considered cross-section surveys. The repro-
duced characteristics are obtained by fitting the calculated
points (@, W) to the power function model (1). Logarithms
are introduced to solve the problem as an OLS linear regres-
sion, so that the scaling coefficient 2’ and the exponent b’ are
obtained from the intercept and the coefficient, respectively, of
the straight line

log W=1loga' +b'logQ. (33)

For section 149 (where kg = 18.92 m® s7! and §_, =
0.0025), a’ = 7.49 m®?* s%?% and b’ = 0.26, while for
section 22 (where kg = 24.59 m'? s7! and §, = 0.0018),
a' = 13.39 m°% §*% and b’ = 0.25, in consequence of
different roughness, slope, and shape of the two cross sections.
The goodness-of-fit is expressed through the coefficients of
determination 72, equal to 0.98 and 0.90 for the two considered
regressions, respectively.

In order to determine the downstream variability for the
considered characteristics, the at-a-station scaling coefficients
and exponents for all 87 cross sections are plotted against the
reduced upstream drainage area (4/4,), A, being the catch-
ment area (Figure 6). With reference to the water-surface
width W, the downstream variability of the at-a-station esti-
mates of b’ (data set (DS) in Figure 6a) are fitted to a straight
line (merit function (MF) in Figure 6a) against (A4/A4,) to test
the possibility of taking b’ constant throughout the considered
drainage system, as assumed in the fluvial relationship (1) on
which the proposed formulation is based. An OLS linear re-
gression is performed, and both punctual estimates and 0.95
probability confidence intervals for the regression line coeffi-
cient are calculated on the basis of the assumption that the
residuals between fitted data and regression function are nor-
mally distributed (this implies also that the coefficient of the
regression line is normally distributed (this implies also that
the coefficient of the regression line is normally distributed,
being a linear function of normal random variables). For our
sample of 87 data points the value of the Student’s ¢ distribu-
tion with 85 degrees of freedom corresponding to the cumu-
lative probability 0.975, namely 1.992, is used to calculate the
limits of the 0.95 probability confidence interval for the regres-
sion line coefficient. Such limits are obtained from the punc-
tual estimate (—0.07) by subtracting and adding the standard
deviation (4.03 X 10~2) multiplied by 1.992, respectively, yield-
ing (-0.15, 0.01) (Table 1). The obtained punctual estimate of
the linear regression coefficient and its confidence interval
provide a measure of the reliability of assuming b' as a con-
stant throughout the drainage system. Note that the value 0.00
is included in the obtained confidence interval, and this en-
sures that the null hypothesis “b’ = constant” is verified at the
significance level 0.05. If the hypothesis b’ = constant can be
accepted, the mean value

1977
(a)
25 —=
1 | calculated — P )
1] |reproduced --- ~
EZO j
z ]
—C‘ —
T 15
=
o 4
Q
° il
510 =
2 4
I -
5 A
g 5-
0 T T T [ T T 17 [ T T 7T [ T T T [ T 71
0 20 40 60 80 100
discharge, Q (m? s™)
(b)
80
1 | calculated —
| |reproduced --- .

(o))
o
|

N
o
|

water—surface width, W (m)
)
|

O rrrryrrrryrrrrrr ity e e T

0 100 200 300 400 500 600
discharge, Q (m® s7")

Figure 5. Calculated and reproduced at-a-station width-
discharge relationships for the two surveyed cross sections of
Figure 4: (a) section 149 and (b) section 22.

1 Ns
<M-M§m, (34)
where N is the number of surveyed cross sections considered,
can be assumed as representative of the entire drainage net-
work, and its 0.95 probability confidence interval can be esti-
mated to provide a measure of the reliability of the obtained
value. In our case the mean value for b’ results 0.26 and the
relative confidence interval, (0.08, 0.44), is obtained from the
mean value by subtracting and adding the standard deviation
(9.13 X 1072) multiplied by the value of the Student’s ¢ distri-
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Figure 6. Downstream variability of exponents and scaling coefficients as obtained by plotting at-a-station
OLS regression estimates (data sets (DSs)) and by fitting these estimates to a straight line (merit functions
(MFs)) (Table 1). Coefficients of determination refer to the at-a-station linear regressions.

bution with 86 degrees of freedom corresponding to the cu-
mulative probability 0.975, namely 1.991 (Table 2). If the as-
sumption b’ = constant is not verified for a given drainage
system, the illustrated procedure, as presently formulated, is
not applicable.

Estimates of the downstream parameters W, , and b” intro-
duced in section 2.1 are obtained by considering (9) in the
logarithmic form
log W = log (W, Q%) + (b" —

oro

b') log (A/4,), (35)
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W being equal to the estimated at-a-station coefficient a’ for
each considered cross section. Points ((A/A4,), a’) obtained
from the at-a-station regressions (DS in Figure 6b) are fitted in
a logarithmic plot to a straight line (MF in Figure 6b) of
intercept (W, ,Q,7") and coefficient (" — b'). The value of
the Student’s ¢ distribution with 85 degrees of freedom corre-
sponding to the cumulative probability 0.975, namely 1.992, is
used to calculate the limits of the 0.95 probability confidence
interval for OLS regression intercept and coefficient. Since
Q, , is set equal to 1 m® s~ the obtained intercept is W, , =
12.73 m with confidence interval (11.27, 14.38) m, whereas the
coefficient (b” — b') is 0.20 with confidence interval (0.02,
0.38) (Table 1). The obtained estimates for W, , and (b" — b')
are also summarized in Table 2 along with punctual estimate
and confidence interval for 5”, 0.46 and (0.10, 0.82) respec-
tively, which are calculated by propagating punctual estimates
and confidence intervals of ' and (6" — b’) through the
addition.

The procedure of parameterization illustrated with refer-
ence to the water-surface width W is also applied to reproduce
all the at-a-station and downstream characteristics for wetted
perimeter P (Figures 6¢c and 6d) and flow area Q) (Figures 6e
and 6f). The obtained OLS regressions intercepts and coeffi-
cients are reported in Table 1, whereas the channel geometry
parameters are summarized in Table 2. All the estimated pa-
rameters for the Sieve catchment hydraulic geometry are in the
range of those obtained in more detailed field inspections [e.g.,
Leopold and Maddock, 1953; Pilgrim, 1977]. Note that the
estimated parameters for the water-surface width (W, , b,
b") do not significantly differ from those estimated for the
wetted perimeter (P, ,, d', d") in consequence of the wide-
ness of the considered natural cross sections. Under these
circumstances (W, , = P, ,, b’ =d', and b” = d") the effects
of the dynamic variations in channel geometry in distributed,
DEM-based flood routing models can be thought of as being
described by routing surface runoff over a network composed
of wide rectangular channels whose width W is allowed to vary
dynamically with discharge according to (8) and (9). This fol-
lows from the fact that the Manning-Gauckler-Strickler fric-
tion equation for wide rectangular channels exhibits the same
form of the general equation (26) with W(Q) in place of
P(Q). Parameters ({, ,, f', f") of the flow area relationship
(16) are estimated to synthesize the at-a-station and down-
stream variability of () with Q provided by the resistance law
(32). These parameters will be used in section 3.2 to obtain the
law of variability in space and time for the Froude number,
which expresses the possible influence of downstream distur-
bances on flow propagation.

Table 1. Estimated OLS Regression Intercepts and
Coefficients of the Sieve Channel Geometry Parameters

v DV Intercept Coefficient
AlA, b’ 0.30 (0.24, 0.36) —0.07 (—0.15, 0.01)
AlA, a’',m'73% s 1273(11.27,14.38) 0.20 (0.02, 0.38)
A/A, d’ 0.31 (0.25, 0.37) —0.07 (—0.15, 0.01)
AlA, ¢, m'7 s 1276 (11.32,1437) 0.19 (0.01, 0.37)
A/A, f 0.72 (0.70, 0.74) —0.03 (—0.06, 0.00)
AlA, e, m* ¥ ¢ 2.05(1.88,2.23) 0.10 (—0.03, 0.23)

IV, independent variable; DV, dependent variable. Values in paren-
theses indicate the lower and upper limits of the 0.95 probability
confidence interval.

1979

Table 2. Estimated Parameters of the Sieve Channel
Geometry

Parameter Estimate

b’ 0.26 (0.08, 0.44)
W,,, m 12.73* (11.27, 14.38)
b" — b’ 0.20 (0.02, 0.38)

b" 0.46 (0.10, 0.82)

da’ 0.26 (0.08, 0.44)

P ., m 12.76* (11.32, 14.37)
d’ —d’ 0.19 (0.01, 0.37)

d” 0.45 (0.09, 0.81)

f 0.70 (0.63, 0.77)

Q, ,, m? 2.05% (1.88,2.23)
r=f 0.10 (—0.03, 0.23)
f 0.80 (0.60, 1.00)

Values in parentheses indicate the lower and the upper limits of the

0.95 probability confidence intervals.

*Having assumed Q, , = 1 m®s™ %,

3.2. Routing Surface Runoff

The catchment model was run over several observed flood
events among which the December 1979 event is used in the
following analysis. The selection of the December 1979 event is
motivated by the fact that the corresponding hydrograph ap-
pears to be well reproduced (with respect to other hydro-
graphs) in the initial part of the rising limb, and this outcome
is used in the context of the present study to justify the as-
sumption that surface runoff hydrograph timing is mainly re-
lated to network routing dynamics rather than to runoff pro-
duction mechanisms (Figure 7). The impact of the channel
geometry estimated in section 3.1 on network routing is as-
sessed by comparing the simulated catchment response at two
different levels of conceptualization of the channel system. At
the first level the case in which the channel network is assumed
to be composed of wide rectangular channels of variable width
in a downstream direction but not at a given station with
discharge (b’ = 0 in (8)) is considered (the static channel
network (SCN) case). At the second level the case in which the
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Figure 7. Comparison between simulated and observed out-
let hydrographs for the December 1979 Sieve catchment event.
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Table 3. Parameterization of the Sieve Catchment
Drainage System for Flow Simulations

Channel Flow

Static Dynamic
Parameter Rill Flow Description Description
Q,,, ms! 657.63* 1.00 1.00
W,,, m 989.1071 25.00 12.73
b’ 0.26 0.00 0.26
b” 0.46 0.46 0.46
kg, m'Pg! 0.70 16.00-25.00 16.00-25.00

*Value set so as to obtain Q, = 1.00 m®*s™* for4 = A, (by means
of (7) with A, = 1.28 km? and A, = 841.76 km?).

tValue set so as to obtain W, = 50.00 m for 4 = A, (by means of
(4) with Q, = 1.00 m® s™Y).

=1
$Here ks = 1/n, n being the Manning roughness, m~1?

S.

channel network is assumed to be composed of wide rectan-
gular channels of width variable both in a downstream direc-
tion and at a given station (b’ = 0.26 in (8)) is considered (the
dynamic channel network (DCN) case), so as to reproduce the
estimated channel geometry (see the last paragraph of section
3.1).

As shown in Table 3, in the static case b’ = 0, b” = 0.46
as obtained in section 3.1, and the channel width at the catch-
ment outlet W, , is assumed to be 25.00 m. This value is
approximately the water-surface width corresponding to the
mean annual discharge Q = 13.41 m® s~ ! at the Sieve catch-
ment outlet, which is assumed in the context of the present
study as a discharge with channel-forming significance (chan-
nel-forming discharge) [Knighton, 1987]. As obtained from (8)
and (9), in the static case water-surface width W is scaled
upstream from the outlet value W, , = 25.00 m (@, , has no
effects for b’ = 0) with the reduced upstream drainage area
(A/A,) to the exponent b” = 0.46 (Table 4) but it is not
allowed to vary at a given station dynamically with discharge Q,
b’ being equal to zero. In the dynamic case the effects of the
dynamic variations in the Sieve channel geometry on flow

ORLANDINI AND ROSSO: STREAM CHANNEL GEOMETRY AND CATCHMENT DYNAMICS

propagation are reproduced using values W,, = 12.73 m,
b’ = 0.26, and b" = 0.46 estimated in section 3.1 in the
routing model developed in section 2.2 with @ = W and d’ =
b’. As obtained from (8) and (9), in the dynamic case water-
surface width W is scaled upstream from the outlet value W,
= 12.73 m (corresponding to Q,, = 1 m® s™') with the
reduced upstream drainage area (A/A,) to the exponent b” —
b’ = 0.20 (Table 4), and it is allowed to vary at any given
station dynamically with discharge O to the exponent b' =
0.26. The Gauckler-Strickler roughness coefficient kg for
channel flow is assumed to be variable upstream from 25.00
m'? 57! to 16.00 m'? s™* on the basis of data reported in the
literature [e.g., Bathurst, 1993]. No field measurements are
available to characterize rill flow dynamics, and thus rill geom-
etry and roughness are empirically evaluated on the basis of
studies reported in the literature [e.g., Newson and Harrison,
1978; Emmett, 1978; Kouwen and Li, 1980; Bathurst, 1986]. The
structural parameter Q, , is set equal to the value 657.63 m>
s~! so as to obtain Q, = 1.00 m® s™! for 4 = A, by means
of (7) with A, = 1.28 km? and A4, = 841.76 km? and W,
is set equal to 989.10 m so as to obtain W, = 50.00 mfor4 =
A« by means of (4) with Q, = 1.00 m® s~ 1. The Gauckler-
Strickler roughness coefficient & ; for rill flow is assumed to be
0.70 m?s~1,

Simulated and observed outlet hydrographs for the Decem-
ber 1979 flood event are plotted in Figure 7. The hydrograph
peak simulated in the dynamic channel network case is lagged
and reduced with respect to the hydrograph peak simulated in
the static channel network case. The lag between the two
simulated peaks is approximately equal to 1.5 hours (~15% of
the rising limb duration), and the peak discharge is reduced by
about 56 m® s™! (~10%), allowing a significant improvement
in the reproduction of the observed catchment response. In
Figure 8 the catchment response is calibrated using b’ as a
fitting parameter. Hydrograph peak and time to peak are well
reproduced for b’ = 0.38, which may indicate a stronger
influence of storage in the Sieve catchment drainage network
than is represented by the value b’ = 0.26, obtained consid-

Table 4. Characteristics of the Main Stream of the Sieve Catchment With Reference to

the Spatial Discretization Shown in Figure 9

X, Y, s, A, WECN), W(DCN),

CN m m i k km CSN  km? m m° 2 g%
oo 1674198.0  4870648.5 1 54 1 0.00 v 0.00 0.00 0.00
A 1677798.0 48722485 10 58 11 4.83 v 20.64 4.54 6.06
B 1681398.0 48718485 19 57 21 9.16 ces 102.24 948 8.35
~-+ 1684598.0 48706485 27 54 29 1277 149 146.56 11.19 8.97
C 1685779.0  4871131.0 29 55 31 13.74 146 150.08 11.31 9.02
D 1689803.9 48695435 39 51 41 18.65 125 293.12 15.39 10.31
E 1694051.4  4867337.0 49 47 51  23.65 112 402.72 17.81 10.98
F 1698246.5 48671840 59 45 61 28.22 96 500.32 19.68 11.47
G 1701009.4  4866003.0 67 43 71 3256 84 556.48 20.67 11.72
H 1702658.1 48626825 72 34 81 3722 70 670.56 22.52 12.16
I 1702398.0 48590640 71 25 91 41.88 58 745.76 23.65 12.43
L 1699551.8  4855698.0 65 17 101 46.88 31 789.76 24.28 12.57
N 1697798.0 48522485 60 8§ 110 51.30 22 830.08 24.84 12.69
M 1698360.5 4851885.0 61 7 111 51.87 21 834.88 2491 12.71
N 1696598.0 48494485 57 1 118 55.57 o.. 841.76 25.00 12.73

CN, cell name; CSN, cross-section number. X and Y, UTM coordinate in the x direction and y direction,
respectively; 1, 7, and k, DEM cell index in the x direction, in the y direction, and along the selected path,
respectively; s, spatial coordinate along the selected path (positive downstream); 4, upstream drainage
area; W(SCN) and W(DCN), water-surface width scaling coefficient in the static channel network (SCN)

and in the dynamic channel network (DCN) description, respectively.
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Figure 8. Comparison between simulated and observed out-
let hydrographs for the December 1979 Sieve catchment event,
where b’ is used as a fitting parameter. The flood wave peak is
well reproduced in magnitude and timing for ' = 0.38.

ering only macroscopic features of the cross-sectional shapes.
This discrepancy could also be due to other model assump-
tions, such as that of constant channel roughness at any given
station for variable flow depth.

The space-time variability of flow velocity U = Q/Q in the
drainage network is investigated by performing a “down-
stream” analysis of catchment dynamics along the path shown
in Figure 9 and described in Table 4. The variations of flow
discharge and velocity along the selected path in the static
channel network case are shown in Figures 10a and 10b, re-
spectively, whereas Figures 10c and 10d refer to the dynamic
channel network case. Flow velocity is shown to vary little in
space in spite of a significant variation in flow discharge, in
agreement with published field data [e.g., Cariston, 1969; Pil-
grim, 1977]. A significant variability in time of the velocity field
during the flood event is also revealed. These results indicate
that the assumption of velocities and travel times constant in
space and time used in many procedures of hydrograph syn-
thesis [e.g., Rodriguez-Iturbe and Valdes, 1979; Cabral et al.,

1981

1990] may be reasonable regarding the variability of velocity in
space but it may be inadequate regarding the variability of
velocity in time, during the flood event. In addition, it is im-
portant to note how flow velocities in the dynamic channel
network case (Figure 10d) are significantly reduced with re-
spect to those obtained in the static channel network case
(Figure 10b), in spite of relatively minor reductions of flow
discharge (Figures 10a and 10c). The control of stream channel
geometry on simulated catchment dynamics may therefore
provide, at least in part, a physical explanation of the low
values of overland flow and streamflow velocities, namely
U,=0.16 ms 'and U, = 1.67 m s~ %, obtained by Cabral
et al. [1990] by routing surface runoff through a DEM-based
drainage network of the Sieve catchment and using U, and U,
as fitting parameters.

The results obtained indicate the importance of incorporat-
ing the essential features of the stream channel geometry into
the distributed modeling of catchment dynamics. The major
shortcoming of the developed formulation is the inability of
the routing scheme to handle downstream disturbances. The
influence of downstream disturbances on flow propagation can
be expressed in terms of Froude number

Fr = U/ JgY,,

where U = Q/Q is the mean flow velocity and Y,,, = (/W is
the hydraulic depth (mean flow depth), which provides a mea-
sure of the influence of the inertial forces with respect to
gravitational forces. If Fr = 1, the flow is critical and inertial
and gravitational forces are in equilibrium. If Fr < 1, the flow
is subcritical and the gravitational forces are dominant. If Fr >
1, the flow is supercritical and the inertial forces are dominant.
Incorporating (8), (9), and (16) into (36) and using the param-
eter estimates reported in Table 2 yields

Fr = 0.39(A/A,)"%Q"%,

(36)

(37

which reveals that (for realistic values of (4/4,) and Q) the
flow in the Sieve catchment network is generally subcritical and
thus influenced by downstream disturbances. Several criteria
were proposed for determining when the backwater effects can
be neglected [e.g., Miller, 1984; Ponce et al., 1978], but there is
not a single, universal criterion for making this decision. An
assessment of the influence of downstream disturbances on
flood propagation must therefore be carried out for the con-
sidered drainage system for an appropriate application of the

Figure 9. A 400 m X 400 m DEM of the Sieve catchment showing the path selected for the “downstream”

analysis of the December 1979 flood event (Table 4).
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Figure 10. Surface runoff discharge and velocity along the path shown in Figure 9 for different instants in
time of the December 1979 Sieve catchment event (Figure 7): (a), (b) static channel network case and (c), (d)

dynamic channel network case.

routing scheme. However, it is remarked here how the param-
eterization of the stream channel geometry developed in the
present study (equations (28) and (29)) has general validity
and thus, if necessary, can be incorporated into more complex
discretizations of the diffusion wave equation where backwater
effects are reproduced [e.g., Julien et al., 1995; Moussa and
Bocguillon, 1996].

4. Summary and Conclusions

Water-surface width and wetted perimeter fluvial relation-
ships were incorporated into a diffusion wave routing scheme
to provide an efficient parameterization of channel geometry
in the distributed modeling of catchment dynamics. The devel-
oped formulation was applied to the 840-km? Sieve catchment
(Central Italian Apennines) to describe both the hillslope rill
and network channel surface flow processes during flooding
conditions. Insights were sought into the impact of the distrib-

uted storages related to the locally varying network channel
shape on surface runoff propagation. Since no distributed flow
measurements were available, uniform flow characteristics for
a set of 87 surveyed cross sections along the catchment main-
stream were calculated on the basis of the Manning-Gauckler-
Strickler friction equation for composite sections and the ob-
tained results were used as standards to estimate the at-a-
station and downstream channel geometry parameters. OLS
regressions were carried out, and both punctual estimates and
limits of the 0.95 confidence intervals were calculated in order
to provide a measure of the reliability of the adopted param-
eterization. The obtained estimates were found to be in the
range of those obtained from more detailed field inspections
[e.g., Leopold and Maddock, 1953; Pilgrim, 1977].

Wetted perimeter parameters (P, ,, d’, d") were found not
to significantly differ from the corresponding water-surface
width parameters (W, ,, b’, b"), as generally happens for
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natural channels. Under these conditions, from the obtained
expressions for flow celerity ¢, (equation (28)) and hydraulic
diffusivity D,, (equation (29)), it is revealed how the hydraulic
effects of channel geometry on the diffusion wave flow prop-
agation can be reproduced by routing surface runoff on a
network composed of wide rectangular channels with dynam-
ically variable width. This ascertainment was used to assess the
impact of the estimated channel geometry on catchment dy-
namics. Local contributions to infiltration excess runoff were
routed through a DEM-based drainage network for which
channel geometry was described at two different levels of con-
ceptualization, the static channel network case and the dy-
namic channel network case.

The December 1979 flood event was selected among other
events since the corresponding outlet hydrograph appeared to
be well reproduced in the initial part of the rising limb, and this
was used to justify the assumption that the hydrograph timing
can mainly be related to channel network dynamics rather than
to runoff production mechanisms. The outlet hydrograph ob-
tained by routing surface runoff over the dynamic channel
network was shown to improve significantly the reproduction
of both observed peak discharge and time to peak with respect
to the hydrograph obtained in the static channel network case.
A greater value of the at-a-station width exponent (b’ = 0.38)
with respect to the obtained estimate (b’ = 0.26) was found
to be required to fit simulated and observed hydrograph peak
and time to peak. This discrepancy may indicate a stronger
influence of storage in the Sieve drainage system than is rep-
resented by the value b’ = 0.26, obtained considering only
the macroscopic features of cross-sectional shapes. It could
also be due to other model assumptions, such as that of con-
stant channel roughness at a given station for variable stage.
From a “downstream” analysis of the simulated flood event,
the variation of flow velocity along the drainage network for a
given instant in time was found to be slight with respect to the
variation of flow discharge, in agreement with published field
data. A significant dynamics of the velocity field during the
flood phenomenon was revealed, in disagreement with the
assumption of stationary velocity made in many procedures for
flood hydrograph synthesis.

Shortcomings of the developed formulation are that (1) it
cannot handle downstream disturbances, and thus caution
must be exercised in upscaling the model application from
steep mountain catchments to broad low-gradient valleys; (2)
the use of spatially varying hydraulic geometry will be useful
for flows close to, but not exceeding, bankfull, and thus the
hydraulic geometry characterization will not, as presently for-
mulated, be useful for overbank flooding conditions; and (3)
hillslope rill and network channel roughness are allowed to
vary in a downstream direction but not at a given station,
dynamically with discharge. Despite these limitations, the sim-
ulation results obtained thus far are encouraging. The com-
bined use of DEM-derived drainage network structure, scaling
concepts for hydraulic geometry of channels, and diffusion
wave equations for both hillslope rill and network channel
flows can help in investigating nonlinear dynamics of basin
response to storm rainfall, where basin topography plays an
important role. Although simultancous measurements of
stream channel geometry and flow characteristics would be
required to obtain a robust parameterization of the hydraulic
geometry of a natural drainage system (especially for hillslope
areas), the estimation procedure illustrated in the present
study seems to be a potentially useful tool for those cases in

1983

which only surveyed cross sections are available. In addition, it
is important to remark how the reliability of the proposed
estimation procedure can be verified during its various steps by
means of the confidence intervals of the OLS regression esti-
mates. The results obtained from a “downstream” analysis of
the velocity field indicate that the stream characteristics re-
lated to the locally varying cross-section shape may have a
strong control on flow velocities, and thus they should be
monitored and synthesized for a comprehensive description of
the distributed catchment dynamics. This may be especially
relevant in the simulation of those catchment processes for
which detailed descriptions of flow velocity and hydraulic ge-
ometry are required, such as the transport of sediments and
pollutants.

Appendix: Characteristics of Flow in Natural
Channels

The Manning-Gauckler-Strickler friction equation for gen-
erally shaped cross sections (26) can be put in the implicit form

F(Q, Q) =0, (A1)

where F(Q, Q) = Q — kgS}/2P(Q) >2Q57, so that the
kinematic wave celerity ¢, = dQ/d{) in (23) can be obtained
by applying Dini’s theorem as

dQ  9F |9F

Q- "aa/ g (A2)
One can obtain
dQ 3 5/3kss}/2P(Q) —2/392/3 (A3)
a0 dP(Q) "
14 %ksS}”QS’SP(Q)’m 0

Equation (28) is obtained by incorporating (12) into (A3),
where S is ultimately assumed equal to the channel bed slope
S, on the basis of the kinematic flow assumption.

The hydraulic diffusivity D, in (25) is derived from the
continuity equation and a simplified momentum equation

&4_ g— (A4
ot s =45 )
a(Y cos B) B

St s, -8, (A5)

where s and ¢ are the spatial and temporal coordinates, respec-
tively; Q) is the flow area; Q is the discharge; g, is the lateral
inflow; Y is the flow depth; B is the channel bed inclination
angle; S, = sin B is the channel bed slope; and S is the friction
slope [Hayami, 1951]. Since 3€}/d¢t = dQ/dY aY/ot, (A4) can
be written in the form

Yy

00
W¥+

25 = I (A6)

W = dQ/dY being the water-surface width. Equations (AS)
and (A6) can be combined into a single equation by taking the
derivative of the first with respect to ¢ and of the second with
respect to s in order to eliminate the mixed derivative 9°Y/
(9sdt). Incorporating the formula

38, aS;0Q
9t 90 ot

3S;0Y

Y ot (A7)
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and the expression of 3Y/d¢ given by (A6) into the obtained
combination equation, for dq, /ds = 0 and 0W/ds 9Y/at = 0,

yields
%Q 1 [eQ 10)
W—E[W—Ck(fh‘g)], (A8)
(which corresponds to (25)), where
as; /a8,
“=~%0/30 (A9)
is the kinematic celerity as given by (A2) and
D,=1 ( i asf) A10
B / cos B 0Q/" (A10)

Taking the derivative of (26) solved for S;, one can obtain

Qcos B
D, = PO (A1)
ZWSf[1+§P(Q) a0 ]

Equation (29) is obtained by incorporating (8) and (12) into
(A11), where S is ultimately assumed equal to the channel bed
slope S, on the basis of the kinematic flow assumption.
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