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[1] This study presents a numerical method to derive the Darcy-Weisbach friction
coefficient for overland flow under partial inundation of surface roughness. To better
account for the variable influence of roughness with varying levels of emergence, we
model the flow over a network which evolves as the free surface rises. This network is
constructed using a height numerical map, based on surface roughness data, and a
discrete geometry skeletonization algorithm. By applying a hydraulic model to the flows
through this network, local heads, velocities, and Froude and Reynolds numbers over
the surface can be estimated. These quantities enable us to analyze the flow and ultimately
to derive a bulk friction factor for flow over the entire surface which takes into account
local variations in flow quantities. Results demonstrate that although the flow is laminar,

head losses are chiefly inertial because of local flow disturbances. The results also
emphasize that for conditions of partial inundation, flow resistance varies
nonmonotonically but does generally increase with progressive roughness inundation.

Citation: Roche, N., J.-F. Daian, and D. S. L. Lawrence (2007), Hydraulic modeling of runoff over a rough surface under partial
inundation, Water Resour. Res., 43, W08410, doi:10.1029/2006 WR005484.

1. Introduction

[2] Shallow water flows over surfaces with emergent
roughnesses are of great significance in the transfer of
soluble and particulate contaminants from land surfaces to
channelized watercourses. In standard models of overland
flow at the watershed scale, resistance to the flow is
characterized by a friction coefficient, e.g., the Darcy-
Weisbach friction factor, and is based on an analogy with
resistance to flows in pipes. This analogy is correct when
the roughness has a characteristic length which is signifi-
cantly less than the flow depth, as previous laboratory
experiments and theoretical analyses have shown [Horton
et al., 1934; Woo and Brater, 1961; Emmett, 1970; Yoon
and Wenzel, 1971; Li and Shen, 1973; Phelps, 1975; Savat,
1980]. However, when the flow depth and the boundary
roughness are of the same order of magnitude, the analogy
with one-dimensional flows in pipes is weak because of the
variable influence of the roughness surface as the degree of
roughnesses submergence varies.

[3] It has been established for some time that boundary
resistance is pivotal in determining the discharge-depth
relationship in overland flow. Emmett [1970] demonstrated
that the hydraulic geometry approach developed for fluvial
hydraulics by Leopold and Maddock [1953] is also suitable
for overland flow hydraulics. Subsequently, Richards
[1973] proposed a log-quadratic form of the discharge
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versus depth relationship (where d is the depth, QO the
discharge and fi, f>, f3 are numerical constants):

log(d) = fi + flog(0) + fi(log(0))* (1)

Nevertheless, the frictional resistance continued to be
assessed via a Darcy-Weisbach coefficient principally as a
function of the Reynolds number.

[4] In 1991, Gilley and Finkner [1991] proposed that, to
better account for the dominant influence of roughness on
flow resistance, empirical expressions for Darcy-Weisbach
and Manning coefficients based on a roughness character-
istic length scale (i.e., the random roughness) could be used.
However, the two formulas they suggested are empirical,
rather than derived from physical principles, and so, do not
significantly advance our understanding of overland flow
resistance. Additionally, Takken and Govers [2000] subse-
quently demonstrated that the random roughness is not a
satisfactory length scale for characterizing the surface
roughness for use in these formulas.

[s] An evaluation of the friction coefficient solely as a
function of Reynolds number can produce apparent trends
between resistance and flow Reynolds number. These trends
have even been interpreted as indicative of laminar versus
turbulent flow regimes, on the basis of analogies with pipe
flow hydraulics [Dunne and Dietrich, 1980]. However, as
suggested by Abrahams et al. [1986] and systematically
evaluated by Lawrence [1997], these trends are artifacts of
the experimental design. They are erroneously attributed to
the influence of Reynolds number while they are in fact due
to the varying flow depth and associated degree of rough-
ness submergence during successive experimental runs.

[6] Lawrence [1997] suggested a systematic theory with
physical bases for characterizing shallow flows on very
rough surfaces. Considering similarity theory and simple
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scaling arguments, Lawrence proposed that the inundation
ratio (A) should be regarded as the criterion for selection of
the various flow regimes, rather than the Reynolds number.
The inundation ratio is the relationship between the flow
depth (d) and the roughness characteristic size (k):

A=+ (2)

[7] As an alternative to the classification according to the
Reynolds number, Lawrence distinguishes three flow
regimes according to the inundation ratio [Lawrence, 1997].

[8] 1. For well inundated flow, rough turbulent flows
formula proposed by Nikuradse is used.

[¢] 2. At marginal inundation, the friction coefficient
decreases very quickly while the flow depth increases.

[10] 3. Finally, at partial inundation, the friction coeffi-
cient is proportional to the cover rate of surface by rough-
nesses, to the inundation ratio and to the drag coefficient of
a half sphere.

[11] In subsequent work, Lawrence [2000] proposed a
general form of the functional relationship between the
resistance and the inundation ratio for surfaces with two
discrete, well-defined roughness length scales. The resulting
“modified mixing length model” has been successfully
applied to estimate flow resistance during marginal inunda-
tion of well-characterized surfaces. This work has been
further applied and extended by Ferro [2003] to explicitly
incorporate free surface effects based on the Froude number
for the flow.

[12] In 2000, Takken and Govers [2000] conducted a
series of experiments on rough surfaces, but did not find the
ascending part of the curve proposed by Lawrence for
partial inundation. They proposed an alternative numerical
model in which they apply the Savat algorithms [Savat,
1980] only to the submerged parts of the surface. In
addition, they proposed that the “equivalent roughness”
could be optimized in order to improve the prediction of
flow velocity.

[13] As the case of partial inundation still remains poorly
characterized, the present study aims to develop a physically
based numerical model accounting for the varying influence
of roughness as the average height of the free surface varies.
For this purpose, the model proposed here assumes that the
free surface flow takes place in channels interconnected in a
two-dimensional network. Within each channel, the classical
laws of free surface hydraulics are assumed to apply and to
vary with the local Reynolds number and local Froude
number of the flow. A discharge conservation condition
applied at each node of the network allows the global discharge
and the Darcy-Weisbach coefficient to be estimated.

2. Network Based on the Free Surface Level

[14] Our main purpose is to better account for the varying
influence of surface roughness on resistance as the level of
the free surface progressively submerges a larger fraction of
the rough boundary and the flow network evolves as new
pathways become available. To assist in developing a
numerical model for this evolution, a 60 cm x 60 cm
sample of a quasi-natural surface was obtained by taking
a mould of a sample of an asphalt car park surface. Using a
laser roughness meter (with a precision of 10~% mm), a
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height numerical map (HNM) of the sample with a grid of
I mm x 1 mm was constructed. A medium base level for
the rough surface was defined by the mean of the least
squares fit to the roughness data. Accordingly, an average
flow free surface height can be represented by a plane
parallel to this base level plane. For each free surface level,
a submerged region map (SRM) is computed (Figure 1).

[15] On these maps the submerged region appears in
black. For each map, i.e., for each free surface height, we
can distinguish areas which are likely to be below this
height, and thus are likely to be inundated. On the basis
of these data, we can then identify likely channels.
Using discrete geometry as applied in image analysis [e.g.,
Chassery and Montanvert, 1991; Coster and Chermant,
1989; Gonzales and Wood, 1992], one can extract a
“skeleton” of a given region within an image. The
skeleton is a topological object built without any hydraulic
consideration, but can be used to provide the general
structure of the flow network. This two-dimensional con-
cept has been used particularly in the study of transfer in
porous media [Laurent and Frendo-Rosso, 1992] and an
extended three-dimensional version was proposed by
Pieritz [1992]. In the present study, the skeleton of the
SRM is used for defining possible pathways for the flow for
a given average free surface height. For practical imple-
mentation of the method of skeletonization, we used the free
software: ImagelJ (v 1.32J, Wayne Rasband, National Insti-
tutes of Health, USA).

[16] The evolution of the SRM and of its skeleton with
increasing water depth (Figure 2) clearly shows a percola-
tion process. Considering the increasing inundation of the
surface, from the level corresponding to the lowest until the
highest roughness, we observe the gradual appearance of
submerged areas. Initially, these areas are not connected and
no continuous pathway from one side of the surface to
another is available for the flow. As the free surface level
rises, the submerged areas become interconnected at a given
stage, analogous to a “percolation threshold,” a continuous
pathway is created. The free surface level where this first
way appears can be called the “percolation plane.”

[17] Note that we are not attempting to model the gradual
accumulation of water on the rough surface exposed to rain
prior to the onset of the flow when the percolation stage is
reached. We are considering only a stationary flow across
the surface sample of a given discharge supplied at the
upstream boundary of the sample.

[18] The flow network based on the skeletons is defined
by edges and nodes. It was also necessary to define
boundary nodes at the entry and exit of the flow domain.
We identify nodes and edges on skeletons using discrete
geometry considerations [Chassery and Montanvert, 1991;
Coster and Chermant, 1989; Gonzales and Wood, 1992].

[19] On the bulk skeletons obtained, there are a lot of
redundant nodes and edges, such as those which are not
linked to both of the entry and exit side of the sample and
will therefore not contribute to the hydraulic model. There
are also a lot of branchings, connected to both sides, but
which will also not be available for the flow. These super-
numerary nodes and edges must be removed (Figure 3).

[20] Once this pretreatment is completed, we have the
basis for the network, i.e., the functional nodes and the
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(a) 2.8 mm below the roughnesses
medium plan.

(b) 1 mm below the roughnesses
medium plan.

(¢) 0.5 mm above the roughnesses
medium plan.

Figure 1.

edges. It is then necessary to specify the parameters required
for the hydraulic model for each edge in the network.

3. Hydraulic Model

[21] For each network corresponding to an average free
surface level, we apply a hydraulic model in order to
calculate the discharge on the surface sample for a steady
state flow. The main assumption underlying the method
adopted is that each node functions as a quasi-hydrostatic
tank supplied and drained by edges which function as open
channels. The hydraulic head at each node is used to drive
the equations governing flow within each channel and the
discharge in the channel must satisfy the discharge conser-
vation law at each node. These flow laws and continuity
constraints are applied using an iterative approach. Our
model principle is very similar to hydrologic routing tech-
niques considering cascade of reservoirs [U.S. Army Corps
of Engineers, 1994].

3.1.

[22] For a given average free surface level, we assume
that flow will occur through the network corresponding to
that level. However, in order to solve the flow problem, the
hydraulic characteristics of each channel in the network
must be specified. Particularly, it is necessary to locate the
throat which may control the discharge in the case of critical

Hydraulic Properties of the Network

(d) 3 mm above the roughnesses
medium plan.

Submerged roughness maps for various free surface levels.

flow and to define the throat cross-sectional area for each
free surface level.

[23] The throats are determined using the distance map of
the SRM. On the distance maps, each point is labeled
according to its distance to the nearest point of the emerged
region, also called the ‘background” of the image.
Emerged region corresponds to the white part of the SRM
(Figure 1). For a given edge, the throat, i.e., the narrowest
cross section, should be located at the point of the edge
which has the minimum distance to background. Although
this point is obtained from a two-dimensional map of the free
surface undisturbed by the flow, we assume that the
corresponding cross section controls the flow in the channel.

[24] An equivalent triangular cross section located at the
throat is defined using the HNM, by conserving the area and
the width of the actual cross section. The vertex of this
triangle is considered as the reference level for defining
the water level y along the channel, and particularly the levels
Vs 10 the upstream tank and y,, in the downstream tank. For
each step of the iterative method the equivalent cross section
is calculated on the basis of the throat water depth y,,.

3.2. Flow Balance and Iterative Method

[25] The heads (or water levels) /; (Table 1) at the nodes
are unknown, and so, are determined by an iterative method.
To initialize the water levels /; we consider the undisturbed
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(a) 2.8 mm below the roughnesses
medium plan.

(b) 1 mm below the roughnesses
medium plan.

(¢) 0.5 mm above the roughnesses
medium plan.

(d) 3 mm above the roughnesses
medium plan.

Figure 2. Skeletons of the submerged roughness maps.

free surface used for the generation of the SRM and its
skeleton. The heads are allowed to slightly vary above or
below the planar free surface in order to satisfy the
governing laws. These variations have a negligible influ-
ence on the SRM and its skeleton. To solve the hydraulic
problem, the head at the boundary nodes is maintained at
zero at the downstream end of the sample and at a constant
value H at the upstream end of the sample. A is depending
on the slope of the roughnesses medium plane. H is the
global head loss on the surface and our model calculate the
corresponding discharge.

[26] At each iteration n, the previous head at each node is
known (A!~'). Then, according to the flow equations
defined below (see paragraph 3.3), the discharge Q;; through
each edge i located between the nodes i and j can be
computed. Then, for each node we calculate the algebraic
sum of the discharges supplying and draining it (Q,):

Vi 0= 0y (3)

JEE

where E is the set of the nodes connected to the node i by
one or more edges.

[27] By convention, O; > 0 when the flow occurs from
node i to node j. So, if O; > 0, the outgoing flow of the
node i is more important than the entering one. For steady
state, all the O; must be zero. To obtain this result, at the

iteration step n, the variation of the head at each node is
calculated as follows:

R ) 4)

where « is an arbitrary capacity coefficient fitted in order to
obtain a regular convergence of the algorithm.

[28] So at each step n of the iterative method we need to
calculate the local discharge (Q;;) on each edge according to
the nodes head. On each edge the local discharge is known
by calculating the throat water depth y,, and velocity v, on
the basis of the upstream and downstream nodes head:

Oy = vanS (Van) (5)

3.3. Flow and Head Loss in a Channel

[20] The nature of the flow in a given edge ij of the
network and the subsequent head loss are determined by the
heads 4; and h; at the upstream and downstream nodes
(then they are respectively written #4,, and ), or the
corresponding local water depths y,, and y,. Depending
on these depths, the flow may be subcritical or critical at the
throat [Lencastre, 1979], laminar or turbulent. These vari-
ous flow regimes are identified by the local Froude and
Reynolds numbers, both calculated at the throat of the
channel. For the case of subcritical flow, the head loss is
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a P
[
v

level

(b} Cleared skeleton at percolation
level

(c) Bulk skeleton 2.4mm above the
roughnesses medium plan

(d) Cleared skeleton 2.4mm above
the roughnesses medium plan

Figure 3. Clearing the skeletons. This step simplifies the network and has significant consequences near

the percolation level.

due primarily to frictional resistance, and will vary depend-
ing on whether the flow is laminar or turbulent. Where the
flow reaches criticality (i.e., when Fr = 1) a local hydraulic
jump or a water fall will appear in the zone downstream of
the throat, and inertial losses will locally dominate. How-
ever, although we consider two principal sources of head
loss (friction and inertial), their respective contributions at
the scale of the entire network cannot be distinguished in the
value of the global friction coefficient. This is a difference
between the approach we are using and that proposed by
Rauws [1980] following the work of Finstein and Banks
[1950].
3.3.1. Subcritical Flow

[30] For subcritical flow, the water depth at the throat y,;,
and the fluid velocity v, must satisfy the following two
equations:

Vi
h T 5 = Vus 6
Vit g =Y (6)
_ o Ly v
hus - hds‘ *f,j D(Y[h) E (7)

where v, and y,, are evaluated relative to a local reference
defined by the vertex of the triangular throat cross section.

L;; is the edge length, D(yy;) is the throat hydraulic diameter
(calculated considering the triangular section assumption)
and vy, is the fluid velocity at the throat. /;; is the edge
Darcy-Weisbach coefficient, we use the traditional formulas
of Poiseuille in the laminar case and Blasius in the turbulent
one.

Table 1. Hydraulic Model Nomenclature

Parameter Description
h; head at node i relatively to an absolute reference
Vi head at node i relatively to the edge bed at the throat
O; discharge balance for the node i
Vuss Vds considering an edge of the network, subscripts us and ds
refer to upstream node and downstream node, respectively
S Darcy-Weisbach coefficient of the considered edge
Ly length of the edge between nodes i and j
o discharge on the edge between nodes i and j
Vi fluid velocity calculated at the throat of the considered

edge vy, can be equal to vy, Vaes OF V., when the flow
regime is laminar, turbulent, or critical, respectively
Vi water depth calculated at the throat of the considered
edge yy; can be equal to Y Vaus OF Ve When the flow
regime is laminar, turbulent, or critical, respectively
throat hydraulic diameter calculated on the basis of yy,
throat cross section calculated on the basis of y;,

D(yu)
S(yrh)
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No

Calculation of yup and vy

Calculation of Regpyp

Which ones of the laminar or turbulent conditions
are in good agreement with Rejj;:?

Yes Is the bond critical?
< o f}) (Re) 2P0
; s — fii (Ree) — 22—~
Yds = Yus — Jij cr 2gD(ycr)
Calculation of e, and vign
Calculation of Rejgm
Y
Qij = UeS (y('r)

!

Qij = verS(ysn)

Figure 4. Calculation of the discharge on each edge of the network. Considering the y,, and y, of the
iteration step, we determine whether the flow is critical or not. If the flow is subcritical, we calculate y;;,
and vy, for both laminar and turbulent conditions. Eventually, we choose which conditions are in good
agreement with the laminar/turbulent transition by comparing the corresponding Reynolds numbers to

Rejimir.

[31] Equation (7) deals with total head loss on the edge
between upstream and downstream tank. For simplicity, we
assume that the flow energy is conserved along the conver-
gent part of the channel upstream of the throat and that
frictional as well as inertial losses all occur downstream of
the throat (equation (6)). Considering the resulting y,, and
vy, we can then calculate the edge Reynolds number:

Rey, = P0) (8)

where v is the kinematic viscosity of water. Re,, is written
Reym, Rey,s, or Re., when the flow regime is respectively
laminar, turbulent or critical.

[32] By applying the Poiseuille formula in the laminar
case, where [/ %, we derive a polynomial equation
(fourth degree) for the water depth at the throat which we
solve using the Ferrari method [Kurosh, 1972]. For the
turbulent case, where the Blasius formula gives frictional

resistance as f; = %311/46, we derive an algebraic equation
e

th

which can be solved by trial and error on the interval [y,,,
Vusl, as the function will behave monotonically in this
region.

[33] The selection of laminar and turbulent mode is done
a posteriori, since the fluid velocity and water height above

the throat are needed to calculate Reynolds number. In the
Moody diagram [Moody, 1944], there is a zone known as
transition zone between the laminar and turbulent regimes,
which has been ignored here for simplicity. Therefore, in
order to avoid an abrupt jump in the friction coefficient
value which might introduce a disturbance in the conver-
gence of the iterative process, the Poiseuille and Blasius
laws were extrapolated to their point of intersection. The
resulting limit between the laminar and turbulent flow
regimes is Rey;,,;; ~ 1190.
3.3.2. Critical Flow

[34] For a given upstream level y,,, with a lower value of
the downstream level y4, the subcritical solution is valid
until the critical conditions are reached at the throat. For a
triangular section, this will occur when

4 [ Vs
Yih = Ver = gyus and Vg = Ve = 2gy?u (9)
The limiting value of y,; is therefore
o VL
Yds = Vus 7](,‘]2(%72;7()&)) (10)
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Figure 5. Statistical characteristics of our surface sample.

[35] If the downstream level becomes lower than this
limiting value, the flow regime remains critical at the
throat and supercritical flow occurs downstream of the
throat. A hydraulic jump or waterfall occurs before
the downstream tank and provides the additional head loss
required to reach the downstream level y, . Consequently,
the discharge in the channel is determined by the critical
conditions corresponding to the upstream level and no
further head loss computation is necessary.

[36] Figure 4 summarizes the strategy used for the com-
putation of flow in each edge of the network.

4. Results
4.1. Roughness Characteristic Height

[37] In order to evaluate the discharge or Darcy-Weisbach
coefficient as a function of a roughness inundation ratio,
we need to define a single characteristic height for the
surface roughnesses. The diameters dsq or dog (the respec-
tive diameter of the ground particles for which 50 or
90 per cent are finer) have been used in the literature to
define the inundation ratio [Rauws, 1980; Abrahams et al.,
1986; Lawrence, 1997].

[38] For the surface studied, we need to examine its
statistical properties. To do this we calculate the variogram
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and histogram of roughnesses for the sample surface
(Figure 5). These respectively characterize the degree of
spatial autocorrelation in roughness heights and the fre-
quency distribution of heights on the surface. The vario-
gram reaches a plateau at about 50 mm, indicating that the
largest roughness height length scale is significantly smaller
than the sample size [Kamphorst, 2000], and the histogram
is clearly unimodal such that the surface roughness is
dominated by a single height length scale.

[39] The Gaussian form of the histogram also allows us to
assume that 95% of the roughness heights are between ;1 —
20 and p + 20 (where 1 is the average size of roughnesses
and o their standard deviation). The reference chosen for the
free surface level is the percolation plane, rather than the
medium plane. To do so ensures that when d = 0, there is no
discharge over the surface. Since the plane of percolation in
our model of the HNM is close to the medium plane of the
surface roughness, we can further choose to regard the
standard deviation of the roughness heights standard devi-
ation o as the roughness characteristic height:

A:% with 0 = 1.38 mm (11)
where d is the varying water depth. When A = 1, we know
that at least 95% of the surface roughness is inundated.

4.2. Heads

[40] One of the principal assumptions underlying our
model relates to the free surface geometry, in that we
assume that the free surface can be represented as a planar
level. Therefore the variability in the local height of the free
surface estimated by the iterative hydraulic model (Figure 6)
must be sufficiently small, so as to not alter the derived flow
network. Figure 6 represents the dimensionless altitude of
the free surface at each node as a function of the distance to
the downstream edge of the sample (for a 3% slope).

[41] The central line on each graph plane corresponds to
the planar free surface level used to estimate the inundation
ratio while the two other straight lines represent typical
roughness height interval +20. At lower inundation levels,
the free surface is more variable and tends to be slightly
lower than the head associated with a plane surface. This
variability decreases with inundation, presumably because
of the greater connectivity in the network, such that local
isolated pools with a large drop in head across them are less
frequent. In all cases the deviation in free surface elevation
remains fairly small relative to the roughness height. Con-
sequently, the approximation of the SRM on the basis of the
undisturbed planar free surface appears to be valid.

4.3. Statistical Characterization of the Local Flow
Parameters

[42] For each free surface level we calculate the veloc-
ity, Froude and Reynolds numbers at the throats. Local
Reynolds numbers are calculated using equation (8) and
local Froude numbers are calculated for the triangular throat
section as

(12)

For each variable T" (i.e., vy, Fry, Rey), we compute a
cumulative distribution function according to the discharge,
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Distance to downstream edge (mm)

Figure 6. Dimensionless node head (4;/H) estimated by the model for a 3% slope.

in order to enhance the influence of the significant edges
participating in the flow:

I'=x
> Oy
F(X) =22

T I'=Cye

(13)
I'=0

where

Oy discharge on the edge between nodes i and j;

I" the local velocity or local Froude number

(Figure 7) or local Reynolds and number
(Figure 8);
the proportion of the total discharge that goes
through throats where the variable I" is smaller
than X.

FX)

[43] The ranges of local velocities estimated by the model
are in good agreement with the usual velocities observed
during runoff on natural surface (~100 mm/s). Additionally,
the slope and the inundation ratio do not seem to have a
great influence on the ranges of estimated velocities.

[44] These statistical results point out two major charac-
teristics of the flow, at least for the steepest slopes. On the
one hand, the local Reynolds number at the throats that
mainly contribute to the discharge is relatively low such that
the flow can be interpreted as laminar (Figure 8) [Savat,
1980]. On the other hand, most of the contributing edges are
critical such that the head loss is dominantly determined by
hydraulic jumps and falls, i.e., by inertia (Figure 7). In other
words, the resistance is not primarily due to viscous
resistance or boundary friction. This is actually consistent

with our understanding of overland flow hydraulics in that it
is clear that Darcy-Weisbach equations based simply on
Reynolds number effect and laminar resistance do not work
[Abrahams et al., 1986; Lawrence, 1997], even when the
bulk Reynolds number for the entire flow field indicates that
the flow regime is laminar. It is also consistent with field
observations of partially inundated flows on rough surfaces,
which frequently report the occurrence of disturbed free
surfaces with localized hydraulic jumps [e.g., Abrahams et
al., 1986].

4.4. Global Discharge

[45] From the network and hydraulic models discussed in
the previous section, we can estimate the discharge which
would be associated with a particular inundation level at
different slopes. For each slope considered, we find similar
general trends in that the discharge increases until the
inundation ratio reaches a value of one (Figure 9).

[46] However, for inundation values greater than one, the
discharge decreases. This is not surprising, in that the
network is based on a skeletal structure which becomes
less relevant once the surface is fully submerged and
distinct channels no longer dominate the flow. It is at this
point that we would expect the model to break down, and
the calculated discharges suggest that this is the case. This
suggests that the domain of validity for the model is for
partially inundated surfaces with inundation ratios lower
than 0.8. It should also be noted that the pattern of discharge
becomes much more variable with increasing slope. This is
presumably due to the higher Froude numbers associated
with a given depth on a higher slope, which in turn would
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contribute to a higher frequency of localized critical flow
(Figure 7).

[47] Note that on the one hand the model maximizes the
frictional head losses in subcritical channels, since it is
computed on the basis of the throat velocity instead of the
mean velocity. On the other hand the model minimizes the
frictional head losses in subcritical channels because they
are regarded as smooth channels (for simplicity we have
used Poiseuille and Blasius formulas in equation (7)) and
we have ignored the transitional zone in the Moody diagram
[Moody, 1944]. For testing the effect of this, a variable
coefficient for all frictional head losses was introduced. The
effect on the global discharge was found to be negligible,
confirming that the global discharge is only weakly influ-
enced by frictional head losses, in contrast with inertial
losses in critical channels.

4.5. Darcy-Weisbach Coefficient

[48] Classically, the Darcy-Weisbach coefficient of the
whole surface is defined by

~ 2gDsin(0)

12

/ (14)
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where sin(6) is the surface slope. In applying this formula, a
significant problem exists when defining the velocity v and
of the hydraulic diameter of the whole surface D used in the
case of partial inundation. In the previous sections of this
paper, we have accounted for the complex microgeometry
of the surface by using the HNM and the varying SRM. We
have also shown that the magnitude of the local velocity is
widely distributed. However, when modeling flow at the
scale of a hillslope the microgeometry and associated
velocity field cannot be easily accounted for at that scale.
We therefore use an “average” global velocity of the form

,_4_9
d

— (15)
where g is the specific discharge and Q the discharge over a
sample of width w. Similarly, the hydraulic diameter is
taken as D = 4d as for a rectangular cross section of infinite
width. This velocity can be interpreted as a flow density,
similar to the Darcy velocity used in porous media flow and
provides a simple quantity for comparative purposes.

[49] The Darcy-Weisbach coefficient obtained using these
quantities is shown in Figure 10 as a function of the
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inundation ratio. Within the domain of validity of the
numerical model (i.e., A < 0.8), the Darcy-Weisbach coef-
ficient generally increases with the inundation ratio, al-
though the trend is not entirely monotonic. The upward
trend observed during partial inundation is similar to that
observed in the compiled experimental results and in the
drag resistance model proposed by Lawrence [1997, 2000].
In the modeling proposed here as well as in the drag model,
the inertial head losses associated with local flow distur-
bances are dominant over friction and produce similar
behaviors of the flow parameters. A nonnegligible depen-
dence on the Reynolds number is also apparent in these
results, with higher slopes producing lower values of
resistance at a given flow depth (i.e., inundation ratio). This
simply reflects the fact that for a fixed flow depth, the
higher slopes will be associated with higher velocities, thus
decreasing the apparent frictional resistance.

5. Conclusion

[50] Numerical simulation of overland flow under con-
ditions of partial roughness inundation over a sample of a
natural surface has been performed, on the basis of the
knowledge of the roughness topology and the application of
a hydraulic model for flow through the associated network.
Such an approach accounts for the variation of the effective
cross sections, flow pathways and the hydraulic roughness
with inundation. The specific discharge has been computed
as a function of the inundation ratio for various slopes and
the Darcy-Weisbach coefficient for the global flow field has
been derived. Consistent with published recent literature, it
appears that the inundation ratio is the key parameter
controlling the flow resistance, rather than Reynolds num-

ber, and that the Darcy-Weisbach coefficient increases with
inundation ratio within the domain of partial inundation.
[s1] Analysis of numerical data provides some indication
of the possible local flow regime. Although local Reynolds
number values do not clearly indicate that the flow is
turbulent, as a great part of the global discharge goes
through critical edges, head losses associated with local
flow disturbances are dominated by inertia. Therefore a
global Reynolds number calculated using the global dis-
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Figure 10. Darcy-Weisbach coefficient. There are outliers
for the lowest inundation ratios because the Darcy-
Weisbach coefficient is unspecified near the percolation
threshold. Indeed, considering equation (14), as D and v
tend toward zero, f is unspecified.
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charge is definitely not a key parameter for characterizing
the flow.

[52] In the present work we chose to account for the
varying influence of roughness with inundation by the
means of different networks. Within this context flow
network structure has a large effect on global discharge.
Further numerical work, using rough surfaces randomly
generated with identical or different statistical properties
than the surface considered in this paper, will enable us to
better understand the influence of roughnesses spatial dis-
patching on the network, on the local flow configuration
and eventually on the global discharge.
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