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Abstract. Natural phenomenon of surface and subsurface flow interaction is an intrinsic component of the
hydrological processes in any watershed. It is a highly sensitive process, especially in arid and semi-arid regions,
and should be considered while dealing with any water management activity in these regions. This paper
describes a novel approach for flood routing in an ephemeral channel with compound cross-sections. The
proposed mathematical model couples the numerical solution for complete Saint-Venant equations for surface
flow with the numerical solution for one-dimensional Richards equation for sub-surface flow through an iterative
procedure. Recently developed interactive divided channel (IDC) method is incorporated for simulating the main
channel and flood plain flow interactions. In the one-dimensional surface and pseudo two-dimensional sub-
surface (1DSP2DSS) model presented here, the effect of lateral variation in infiltration rate at a cross section
arising due to (i) lateral variation in flow depth and (ii) lateral variation in soil characteristics is incorporated by
considering infiltration into different soil columns for main channel and flood plains. The proposed model is
verified by comparing the model results with those available in literature for benchmark problems. Simulations
are presented to demonstrate the capability of the model for flood routing in ephemeral channels with flood

plains and the effect of lateral variation in infiltration rate on transmission losses.

Keywords.
semi-arid regions.

1. Introduction

The water balance in arid and semi-arid regions is quite
different from other regions. Arid climatic conditions may
favor high intensity rainfall for shorter durations which may
result in quick runoff response and flash floods in ephem-
eral streams [1]. These stream beds are usually dry,
resulting in the formation of very dry unsaturated zone.
This will significantly influence the surface flow and
recharge process by allowing high infiltration rate into the
channel bed [2-5]. So most of the flood flows may simply
disappear into the channel bed over some length of the
channel. This flood loss into the channel bed is the most
significant fraction of flood loss during channel conveyance
[6-9] and forms an important source of groundwater
recharge in arid and semi-arid regions [1, 10, 11].
Movement of floods in ephemeral channels is strongly
influenced by the infiltration into the ground, which in turn
is affected by the movement of flood. Hence the accurate
estimation of water balance or any water management
activity in arid and semi-arid regions requires accurate
numerical simulation of flood flow movement along with
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channel transmission losses simultaneously. Predicting
recharge into aquifers and maximizing the amount of
recharge at desired locations in the aquifer requires
knowledge of the spatial distribution of transmission losses
along the channel, which in turn depend upon the correct
simulation of flood flow movement [12-15]. Correctly
predicting the time of arrival and travel distance of flood
events is an essential component of making such predic-
tions. The factors affecting channel transmission losses are
(i) wetted channel width including flood plain, (ii) infil-
tration flux, (iii) stream flow duration and volume, (iv)
geological characteristics and (v) channel evaporation and
near channel transpiration [4, 10, 16—19]. The width of the
channel plays an important role in determining transmission
losses, as wider channels have greater total infiltration rates,
which increase the potential for channel transmission losses
[15, 20-23].

Flood routing in ephemeral streams has been studied by
various researchers [13, 15, 18, 24-36] in the past. Many of
these studies focused on estimating the recharge in
ephemeral channels, finding the effect of rainfall-runoff in a
dry channel, flood plain management for a particular river,
protecting downstream cities and few more water man-
agement activities. Most of the researchers have not
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considered flood routing with full momentum equations.
But in ephemeral channels, flood routing should be based
on complete shallow water equation rather than diffusion
wave or kinematic routing methods because it needs to deal
with flash floods with higher order of magnitude. Numeri-
cally, shock capturing schemes should be employed in
order to tackle numerical difficulties that may arise due to
sharp fronts [15, 30]. Also, the surface flow equations for
flood need to be coupled with unsaturated subsurface flow
in the aquifer [37, 38]. However, only few researchers
[18, 26, 31, 39, 40] focused on dynamic routing for flood
flow simulation along with subsurface flow movement in
arid region streams.

Most of the natural channels or rivers are composed of
compound cross-sections [41, 42], which adds further
complications to flood routing technique. The flow pattern
is not simple even when a channel with well-defined flood
plains is considered. Generally the flood plains have larger
width and higher roughness as compared to the main
channel. This impedes the flow and the flood plain veloc-
ities are much slower than the velocities in the main
channel, which has less frictional resistance to the flow.
Thus there exists a variation in velocity distribution across
the cross section, and in turn there exists a variation in
momentum across the section of a compound channel. This
variation in momentum introduces lateral momentum
transfer across the subdivisions of compound section,
which results in acceleration of flow in flood plain and
deceleration of flow in main channel. Although several two
and three dimensional models are available in literature,
one-dimensional models are still the most popular as far as
flood routing in channels and rivers is concerned due to
their reasonable accuracy from an engineering point of
view, and their simplicity [43]. Flood routing in compound
channel has been studied by several researchers in the past
[41, 43—49]. However, these studies focused on improving
the flood routing technique for compound channels by
proper incorporation of the effect of momentum and mass
exchange mechanisms between main channel and the
floodplains. The focus was on evaluating the overall effect
of flow resistance and lateral momentum transfer on con-
veyance, stage-discharge relationship and peak flow atten-
uation, etc. However, they did not consider the effect of
infiltration on the flood movement.

A review of literature has indicated that several models
are available for dynamic routing of flash floods in
ephemeral channels with simple cross sections [15], where
infiltration loss plays a significant role. Models are also
available for flood routing in compound channels, but
without infiltration [45]. However, to the authors’ knowl-
edge, models are not available for flood routing in
ephemeral channels with compound cross-sections,
although any water management activity in semi-arid/arid
region requires more adequate knowledge on this issue.
Presently available one-dimensional flood routing models
for ephemeral channels do not consider the lateral variation
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in infiltration rate across a channel cross section, and so
they cannot be applied for channels with compound cross-
sections. Therefore, the present research contribution con-
sists of development of a model for flood routing in
ephemeral channels with compound cross-sections. The
proposed flood routing model solves the complete one-di-
mensional Saint-Venant equations for surface flow along
with one-dimensional Richard’s equation for unsaturated
sub-surface flow. Surface and sub-surface flow components
interact through the infiltration process at the ground sur-
face. The infiltration rate which is obtained as a result of the
subsurface flow acts as a link between the surface and
subsurface systems. An iterative procedure is used for
coupling the surface and sub-surface components. One-di-
mensional surface flow component is coupled with the sub-
surface flow component in such a way as to consider
variation in infiltration rate across the wetted perimeter at
any particular cross-section along the river length, based on
(i) different arrival times for wetting front and (ii) surface
flow depths. Results obtained using the proposed 1-D sur-
face and pseudo 2-D sub-surface model are compared with
those obtained using 1-D surface and 1-D subsurface flow
model, for studying the effect of varying infiltration rate at
a cross section, on the flood wave movement.

2. Governing equations

Flood routing in ephemeral channels involves numerical
solution of governing partial differential equations for both
surface flow and sub-surface flow, with infiltration acting as
the connecting link. In the present study (figure 1), surface
flow in the channel is assumed to be one-dimensional in the
X-direction, while the sub-surface flow in the unsaturated
porous medium is assumed to be one-dimensional in the Z-
direction. In figure 1, AZ is the space step in subsurface, V,
and V, are the velocities at upstream and downstream faces
of any subsurface node.

2.1 Surface flow equations

Surface flow is assumed to occur in a prismatic channel. It
is assumed that shallow water flow conditions prevail and
the Saint-Venant equations are applicable. These equations,
which represent the continuity and the momentum equa-
tions, in conservation form are as follows:

0A 00 _
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where A = flow cross sectional area (mz); Q = discharge
(m3/s); g = acceleration due to gravity (m/sz); 0; = volu-
metric  infiltration rate per unit length (m?¥s);
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1-D surface flow

i1 i+1

1-D subsurface flow

Figure 1. Definition sketch for flow model.

f = momentum correction factor; S, = bottom slope in the
direction of flow; S;= friction slope; t = time (s) and
x = distance along the flow direction (m). In Eq. (2), term
F, represents the net pressure force and is given by

h
Fp= [ g*b(y)* (h—y)dy, 3)
/

where b(y) = width of channel at any height y above the
bottom and & = flow depth. Assumptions underlying these
equations are discussed elsewhere and are not repeated
here. It may be noted here that the momentum associated
with the infiltrating water is assumed to be insignificant.
However, this effect can be considered easily as given in
Mudd [15].

Present study focuses on flood routing in ephemeral
channels having a compound cross-section. Based on the
equations used for momentum correction factor, i and the
slope of the energy grade line, S5, flood routing models for
compound channels can be broadly classified into non-in-
teracting divided channel (NIDC) and interacting divided
channel (IDC) methods. Several of the existing methods for
flood routing in compound channel do not consider any
interaction between the flood plain and the main channel
flows [43, 48]. In the non-interacting method, compound
channel is divided into several sub-sections (figure 2), and
each sub-section is treated as single channel, where B,, is
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Figure 2. Illustrative sketch of rectangular compound channel.
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main channel velocity and is assumed to be uniform within
each sub-section. This method assumes that there is no shear
stress across the lines separating main channel and flood
plains. It was demonstrated conclusively by Costabile and
Macchione [45] that NIDC method for main channel — flood
plain interaction on flood wave movement gives erroneous
results and one should use the IDC method. Therefore, this
method is adopted in the present model. IDC method con-
siders the interaction between flood plain and main channel
flows [41, 44, 46, 47, 49] and the equations for momentum
correction factor, f# and slope of energy grade line, S are
modified accordingly. Among the several methods, the
method proposed by Huthoff et al [47] is the simplest and is
adopted here. Huthoff et al [47] have presented a method to
calculate the total discharge through a compound channel
section based on shear stress at the interface between main
channel and flood plain. The final expression of total dis-
charge is expressed in terms of average velocities in the sub-
divisions. First the average velocities in each sub-division
are obtained using the Manning’s equation, without consid-
ering the interaction. These velocities are then corrected for
the interaction at the interface. Application of Huthoff er al
[47] method to a compound channel flow leads to the fol-
lowing equations for 8 and Sy

(C3 *AM) + <C4 *Afr) + (C5 *Aﬂ)
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where Ay, A7 and Ap are areas of main channel and flood
plains on both sides. ¢y, c¢;; and c;i are the corrected
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velocities with interaction in the individual sub-sections.
Ry, Rp, and Rg are hydraulic radius of main channel and
flood plain. ny,, n;, and ng are Manning’s roughness coef-
ficient of main channel and flood plains. ¢, ¢, and &g, are
ratio of water depth at interface and friction factor multi-
plied by perimeter of each sub-section. y is an empirical
constant whose suggested value is equal to 0.02 [47].

2.2 Subsurface flow equations

In the present study, sub-surface flow in the unsaturated
medium is modeled as one-dimensional flow. Each section
of the channel (node of the surface flow) is attached to a one
dimensional subsurface column and the flow in this column
is assumed to be one dimensional in the vertical direction
(figure 1). It is assumed that Darcy’s Law is applicable for
evaluating the sub-surface flow velocity. It is also assumed
that (i) compressibility of the medium and the water are
negligible and (ii) the air phase is stagnant and is at atmo-
spheric pressure. The governing Richards equation for one
dimensional unsaturated flow in mixed form, without sources
and sinks in the flow domain, is given as [50]

90 0 oy

o 0z {K(W<az 1)}’
where (0 = moisture content; 1 = pressure head (m);
K () = unsaturated hydraulic conductivity (m/s) which
depends on the pressure head, iy and z is the direction of
flow in the subsurface part, taken as positive in the down-
ward direction.

Functional relationships are needed to describe the
relationship between the hydraulic conductivity, K, the
moisture content, 6 and the pressure head, i. In this study,
hysteresis effect in the soil characteristics i.e., y—K and -0
relationships, is neglected. The soil water retention and
relative permeability curves proposed by Van Genuchten
[51] as given below are considered:

(13)

1
0, —0, — . for
S.00) =gt = T @y V0 9
r 1...for y >0

mq2
1 1
K(s,) = s {1 - (1 - S/”) ] (15)
where 0, and 0, are saturated and residual moisture con-
tents, S, is effective moisture content, « and »n are the Van
Genuchten fitting parameters with m = 1—1/n.

2.3 One-dimensional surface and pseudo two-
dimensional sub-surface (1DS-P2DSS) model

The mathematical model as presented earlier (figures 1, 3a)
considers one-dimensional surface flow and one-
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(b)

Figure 3. Schematic for (a) 1DSIDSS model; (b) 1DSP2DSS
model.

dimensional sub-surface flow (1DS1DSS). In this model,
the infiltration rate is assumed to be uniform across the
cross section. This type of model has been applied earlier
for ephemeral channels [15]. 1IDS1DSS uses a constant
infiltration rate across the channel width and multiplies it
with channel top width to obtain the Q; value. Therefore,
this model is not applicable for compound channels with
large flood plains. In a compound channel, wetting of flood
plains at any location occurs at a much later time than the
wetting of corresponding main channel portion. The flow
depth on the flood plain is smaller than the flow depth in the
main channel. Also, the surface sealing characteristics in
the flood plain may be different from the surface sealing
characteristics in the main channel. These factors result in
difference in infiltration rates from the flood plains and the
main channel. In this study, a simple alternative model is
proposed wherein the variation in infiltration rate across the
cross-section is considered. The compound cross-section is
linked to multiple soil columns across the cross section as
shown in figure 3b. Movement of sub-surface water in each
of these soil columns is assumed to occur vertically
downwards (one-dimensional) and is determined
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separately. Also, the infiltration process from main channel
portion and flood plain portions gets initiated only after that
particular portion gets wetted by the arriving flood wave.
This model is referred to as one-dimensional surface and
pseudo two-dimensional sub-surface (1DSP2DSS) model in
this study.

The 1DSP2DSS model is similar to 1DS1DSS model, but
the variation in infiltration rate across the channel width is
accounted for (figure 3b) analyzing the effect of perimeter
dependent infiltration during flood flow movement in the
flood plains of compound channels.

3. Numerical solution

3.1 Surface flow

The equations for the surface and subsurface flows are a set
of non-linear partial differential equations and these equa-
tions are solved using numerical methods. The high reso-
lution Lax-Friedrichs scheme is used to solve the partial
differential equations for surface flow [52, 53]. This is an
explicit predictor-corrector Essentially Non-Oscillating
(ENO) scheme. The main advantages of this scheme are its
simplicity and the ability to resolve sharp gradients without
any numerical oscillations. Equations (1) and (2) are writ-
ten in vector form for convenience and all further expla-
nations are done using this vector form. The equations can
be written as

6W+6F_S
or  ox

)
F:{ggp}

= {gA(SOQ—I Sr) }

3.1a Predictor part: The channel is divided into a number
of finite-volume cells and the predicted value of W for any
cell i, W¥ is obtained as

(18)

(19)

At
wr=wr 2 [F?H/z —Fl | +ArS, (20)

Ax L
where Fi, |, represents the numerical flux through the face
between the cells i+ and i, i/, represents the numerical
flux through the face between the cells i—1 and i, Ax is the
cell spacing and At is the computational time step. In this
equation, subscript i represents the value for cell i and the
superscript ¢ represents the value at time level ¢. The
numerical flux Fi,,, is computed using the following
formula.
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FH_I/Z:%[FRﬁ*FL*OC(WR*WL)], (21)
where o = a positive coefficient, Fr and F; are fluxes
computed at a cell using the information from the right and
left sides of the cell face. They are computed using Wx and
W;, respectively. W; and Wy are obtained using the
equations

W, =W, + 5;‘/" (22)
oW,
Wg = Wiy — 2“ (23)

oW, and dW; | are determined using the minmod limiter
function [53, 54].

oW; = min mod (Wiy — Wi, W, — W,_y) (24)

(S‘/V,qu = min mod (Wi+| — VV,‘, W,urz — W,ur]) (25)

The positive coefficient « is determined using the maxi-
mum value (for all the grid points) of the largest Eigen
value, 4 of the Jacobian of the system of equations.

o > max(/;) (26)

The predicted values of A and Q at unknown time level are
obtained from vector Eq. (20). Value of flow depth, & is
determined from A using the geometric characteristics of
the cross section.

3.1b Corrector part: Values of Q and A at the time level
t + At are obtained using the following vector equation, and
the predicted values and the values at the time level .

At
WA {Wlt Y {Ff)+1/z — F,»p,l/z] + At * Sf}, (27)
where
1
Fly = 3 [FR + F] — a(Wp — WP)] (28)

Wy and W7 are determined from W%, and WY using the
same 0W,,; and oW; as determined in the predictor step.
This procedure results in better numerical stability.

3.1c Initial and boundary conditions: — Although the initial
flow depth and discharge are equal to zero, a very thin film
of depth h;,; and corresponding flow area, A;,; discharge,
Q,,; are assumed to exist at time ¢t = 0. This assumption is
made to overcome the numerical singularity in a simple
way. Value of h;,; was chosen as small as possible, and in
the present study it is equal to 5 mm. Numerical experi-
ments showed that the simulated results were not sensitive
to the h;,; value as long as it is small.

The inflow discharge hydrograph is specified as the
boundary condition at the upstream end. The procedure
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outlined by Garcia-Navarro et al [55] is adopted for
determining the flow area, A and the corresponding flow
depth h at the upstream end. This procedure is adopted
because flash floods, like dam break flows, could result in
supercritical flow conditions at the upstream end. The flow
depth at the upstream end is determined using the negative
characteristic equation in case the flow is subcritical there
[56]. A simple extrapolation procedure is adopted to
determine A and Q at the downstream end.

The chosen scheme is an explicit scheme and therefore,
to ensure stability, the time step, At is determined using the
Courant-Friedrichs-Lewy (CFL) stability condition. Af is
chosen dynamically in the model.

3.2 Subsurface flow

To determine the infiltration rate Q, in the continuity equa-
tion, the one-dimensional Richard equation (Eq. 13) for z-
direction has to be solved. The surface flow depth at that point
is considered as the top boundary condition (at z = 0) while
solving the Richards equation. A semi-implicit finite volume
model [57] is adopted for solving the Richards equation in
mixed form so that mass balance is ensured regardless of time
step and cell sizes. Referring to finite volume cell arrange-
ment shown in figure 1, the moisture content, § and the
pressure head, s are specified at the center of the cell, while
the velocities are specified at the cell faces. The subscript j
refers to the cell number in the z-direction. The superscripts ¢
and ¢ + Ar refer to the known and unknown time levels,
respectively. Equation (13) is discretized as follows:

0]{+A170;+Vd_vu
At Az

where V,, is the velocity at the upstream (top) cell face, V,; is
the velocity at the downstream (bottom) cell face and the
bar is used to denote the time averaged value. Az is the cell
spacing in the z direction. The time averaged velocities are
determined by

=0, (29)

V=05 (VT + V'), (30)

The velocity at the cell face is determined using the Darcy’s
equation and pressure heads at the neighboring cell centers.
For example, V, is obtained from pressure heads 1/, and
/; using the following equation:

Va = —Ka[ (V11 — W) — Ac] / Az, (31)

where K is the unsaturated hydraulic conductivity evalu-
ated at the face between cells j and j+1. It is equal to the
average value of K at the neighboring cell centers, evalu-
ated using the i/ values at the cell centers and Eqgs. (14) and
(15). Substitution of Eqgs. (30) and (31) in Eq. (29) leads to
the following general discretized equation for any cell j,
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0.5 x At
A [_K;+Az (%IIAZ _ lﬁjl-+A[ _ AZ)
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(32)

fvi-vo)| =0

Equation (32) is written for all the cells in the sub-surface
flow domain to obtain a set of simultaneous non-linear

algebraic equations in the unknowns lﬁ;+At. I A

and Gj&m are obtained from wjﬁ?’,w}”’ and 1//}1?’ using
Egs. (14) and (15). This set of non-linear equations is

solved using Newton—Raphson iteration technique to obtain
xﬁf’m at all cells j.

3.2a Boundary conditions: In the adopted scheme, cells
are arranged in such a way that the upstream most cell face
coincides with the ground surface. Surface flow depth at
this location is specified as the boundary condition. Let v,
be the imposed boundary pressure head at the ground sur-
face. This imposed pressure head 1/, is used along with the
values of Y| and V, to determine the flux at the ground
surface as given below.

V.(atz = 0) = —K(y,) [(_8;‘ Vb 43y, f%) /Azf 1].

(33)

It should be noted here that the flux at the ground surface
is taken as zero for all times prior to arrival of the flood
wave at that location. A simple extrapolation boundary
condition is applied at the bottom boundary since this
boundary is taken fairly deep and the moisture front would
not reach this location within the stipulated computational
time.

3.3 Surface and subsurface flow coupling

Flow depth obtained from the solution of surface flow is
used for specifying the top boundary condition while
solving the Richards equation. On the other hand, infiltra-
tion rate (flux at the top face) obtained from the solution of
sub-surface is used to determine the Q; value in the surface
flow equations. There are many alternative ways in which
the surface and subsurface components can be coupled
[58]. In this study, a semi-coupled method as suggested by
Mudd [15] is adopted for coupling the surface and sub-
surface flow components.

1. The surface flow equations are solved neglecting all the
source terms to determine the discharge and the flow
depth at the predicted time level (Eq. 20);

2. Average values of the flow depth and discharge are
determined using Egs. (34) and (35) as follows
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havg(i) = Ma (34)
Ouli) = & 12, (3)

where h” and Q7 are the flow depth and discharge at the
predicted time level. &’ and Q' are the flow depth and
discharge at the time level t;

3. The value of flow depth from step 2 at any location i is
used as top boundary condition while solving the sub-
surface flow equation and corresponding infiltration rate
is obtained as part of the solution;

4. The average values of flow depth and flow rate are used
for determining the friction term in the momentum
equation for surface flow;

5. The infiltration rate from step 3 and the friction terms
from step 4 are now used in the surface flow equations,
to determine the flow depth and the discharge at the next
time level.

6. Step 1-5 are repeated till the required time level.

4. Results and discussion

4.1 Verification of the model

Comprehensive experimental data, either laboratory or
field, is not available for flood routing in ephemeral chan-
nels with compound cross-sections. Therefore, the model
presented in the previous sections is verified in three stages.
First, the surface flow component for routing in compound
channels is verified by comparing the results obtained using
the present model with the laboratory experimental data of
Lai et al [59]. The surface flow component is also verified
using results obtained by Cao et al [41] and Costabile and
Macchione [45] for a trapezoidal compound channel. Next
the solution for Richards equation is verified by comparing
the results obtained using the present model with those
presented by Mudd [15] for a sediment column subjected to
a constant ponding depth. Finally, the coupled surface and
sub-surface flow model is verified by comparing the results
obtained using the present model with those available in
Mudd [15] for the case of a flood in a rectangular channel.
Verification of the proposed model for the above cases is
discussed in the following sections.

4.1a Case 1: Verification of surface flow component with
experimental data: The surface flow component of the
present model is verified with laboratory experimental data
obtained by Lai et al [59] for a compound channel. The
dimensions of laboratory channel used by Lai et al [59] are as
follows: channel longitudinal slope = 0.001, side slopes of
channels banks for both main channel and flood plain = 1.0;
main channel width = 0.1 m and depth below the flood
plain = 0.05 m. Manning’s n for main channel and flood
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plains are 0.012 and 0.013, respectively. Length of the
channel is 5.1 m. Measured inflow hydrographs for two cases
identified by Lai er al [59] as MDFj25b (Medium Duration
Flood) and SDFj25c (Short duration flood) are used for
specifying the upstream boundary condition in the numerical
runs. IDC method was used for modeling the flood plain and
main channel flow interaction. Measured flow depths at a
station 3.4 m from the inlet are used for comparing the
simulated and experimental data. In the numerical runs, a
spatial step, Ax = 0.1 m is used. Figure 4a, b compares the
numerically simulated flow depth variation with the mea-
sured data of Lai et al [59] for MDF and SDF runs, respec-
tively. It can be observed from figure 4a, b that the numerical
model is able to simulate the flow conditions in compound
channel satisfactorily, except for slight lag of rising limb
(approximately 15 s) in case of MDF and slight under pre-
diction of peak value (approximately 5 mm) in case of SDF.

4.1b Case 2: One-dimensional surface flow in a trapezoidal
compound channel: In this section, the surface flow
component is verified by comparing the results obtained
using the present model with the numerical results available
in literature for bench mark problems [41, 45].

Case 2A: A trapezoidal prismatic compound open chan-
nel, as shown in figure 5, is considered for the purpose of
illustration. This illustrative channel is the same as that
considered by Cao et al [41] in their study. The specified
geometrical parameters are as follows: length of the chan-
nel = 150 km, channel bottom width, B,, = 20 m, bed
slope, S, = 0.0002, main channel side slopes (s,; and
Smr) = 3; flood plain side slopes (s; and s5) = 3.0; main
channel depth, i =5 m and flood plain widths (b; and
bs) = 175 m. The Manning’s roughness coefficient, n for
both the main channel and flood plain is taken as 0.03.

Initially, the flow in the channel is assumed to be in
steady state conditions with a uniform discharge,
Q;,i = 120 m>/s, and water depth, h;,; = 3.98 m, through-
out the channel length along the flow direction. A hydro-
graph having a Log-Pearson Type-III distribution with four
parameters is imposed at the upstream boundary. This is the
same hydrograph considered by Cao et al [41] in their
study. The expression for this hydrograph is

O(r) = QO+ (Qp — @) * [e@"ﬂ)] * [(i)( )] (36)

Ip

In which, t = current time, Q,, (base flow or initial uniform
flow) = 120 m>/sec, Opear (peak flow) = 1,200 m>/sec, tp
(time to peak) = 15 h, and ¢, (time to centroid of the input
hydrograph) = 18 h. For this initial and boundary condi-
tions, the flow is completely in main channel at ¢ = 0.
Further, as the flood wave arrives the water level starts
rising and then flows over the flood plain. Simulated dis-
charge hydrograph at 100 km downstream obtained using
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The specified parameters are as follows: Q,, (base flow or
initial uniform flow) = 7 m*/s, Q. (peak flow) = 222 m’/
s, t, (time to peak) = 3 h, ¢ = 3.2 and initial uniform water
depth, h;,; = 1.5 m. Specified channel parameters are main
channel width = 15 m; total width of the channel = 100
m; depth to the flood plain = 1.5 m, main channel and
flood plain channel roughness coefficients (n,,. and

Flow depth (m)

0.02 1

0.01 1

°3 1 ; N . 5 . ng) =0.02 and 0.04 and channel longitudinal
Time (min) slope = 0.05%. Simulated discharge hydrograph and flow

(b) depth at 10 km downstream obtained using the present

model are compared with the results obtained by Costabile

and Macchione [45] in figure 7a, b. These simulations are
carried out using the IDC method for flood routing. Once
again it can be observed that the results obtained using
proposed model match closely with the results obtained
earlier by Costabile and Macchione [45]. There was only a
"""""" marginal difference (less than 5%) in the simulation of peak
discharge value. Results presented in this section demon-
. strate that the proposed model simulates the flood wave
K movement in channels with compound cross-sections

Figure 4. Validation of developed model with Lai et al [59] Case
1, (a) MDF - j25b; (b) SDF — j25c.

- satisfactorily.
”””””” It may be noted here that the purpose of discussion

presented in this and the previous sub-section is to
Figure 5. Compound channel cross-section for Case 1. demonstrate that the proposed model gives results compa-
rable to the existing models, for the case of surface flow in

compound channels, in the absence of infiltration loss.
While the existing models for compound channels cannot
the present model is compared with the results obtained by ~ simulate flows with infiltration loss, the present model can
Cao et al [41] in figure 6. It can be seen from this figure that ~ simulate flood flows which are significantly affected by
the present model results match very well with those infiltration losses. The capability of present model for
simulating infiltration process is demonstrated in the fol-

obtained earlier by Cao et al [41].
lowing sections.

Case 2B: The model for surface flow in a compound
channel is also verified using the data presented in Costa-
bile and Macchione [45]. A triangular hydrograph as given
in Eq. (37) is imposed at the upstream boundary.

4.1c Case 3: Infiltration rate for a soil column subjected to
constant ponding depth: This study has been carried out
to verify the numerical solution for Richards equation by
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Figure 7. 1-D surface flow model results for Case 2B: (a) Dis-

charge hydrograph; (b) Depth hydrograph.

comparing the results obtained using the present model
with those presented by Mudd [15] for a sediment column
subjected to a constant ponding depth of water 2 m above
the surface at a particular node in the channel. The sub-
surface model inputs are residual moisture content
(0,.s) = 0.102, saturated moisture content (0,) = 0.368,
saturated hydraulic conductivity (K,,) = 0.00922 m/s and
the van Genchten parameter, « = 0.0335 m. It can be
observed from figure 8 that the results obtained using the
present model compare very well with those presented by
Mudd [15]. Peak value and the steady state infiltration
values are matching closely. There is a small difference of
0.01 mm/s, for 500 s during transition period.

4.1d Case 4: IDSIDSS model for rectangular chan-
nel: 1DS1DSS flood routing model is developed by
solving complete 1-D shallow water flow equations, and
mixed form of 1D Richards equation for unsaturated sub-
surface flow. The interaction between surface flow com-
ponent and subsurface flow component is incorporated
through an iterative coupling procedure as explained in
section 3.3. The developed model was verified by com-
paring results obtained using the present model with those
obtained by Mudd [15] for the case of flood routing in a
rectangular channel. The model inputs are channel bed
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Figure 8. Comparison of infiltration rates in a sediment column:
surface depth = 2 m.

slope = 0.01, Manning’s roughness coefficient = 0.03,
length of channel = 8 km, and width of channel = 2 m.
The inflow triangular hydrograph characteristics are maxi-
mum  discharge  (Qpear) = 4 m’/s, time to peak
(tpear) = 120 s and time to recession (f,.;) = 5400 s. The
soil characteristics are the same as given in section 4.1c. It
is assumed that the channel had a thin layer of flow of
5 mm depth initially, to avoid singularity problem.
Numerical experimentation showed that the results are not
sensitive to this assumption as long as the initial assumed
depth is below 5 mm. Figure 9a, b shows the spatial vari-
ation of flow depth at 45 min of simulation time and tem-
poral variation of flow discharge at 2 km downstream,
obtained using the present model and by Mudd [15]. It can
be observed that the simulation of flow rate variation by the
proposed model is very good. Overall, simulation for water
surface profile is also satisfactory, although differences
occur at the wave front. This difference could be due to
(i) the way surface and sub-surface flows are coupled and
(i1) the differences in the numerical schemes adopted for
solving the governing equations.

4.2 Comparison of 1DSIDSS and 1DSP2DSS
models

It may be noted here that the purpose of discussion pre-
sented in the previous sub-section is to demonstrate that the
proposed model gives results comparable to the existing
models, for the case of flood routing in an ephemeral
channel having a rectangular cross section. The existing
one-dimensional models for flood routing in ephemeral
channels cannot be applied for compound channels because
they do not consider the lateral variation in infiltration
across a cross-section. This lateral variation in infiltration
rate arises due to different times of arrival of wave front in
the main channel portion and flood plains, and the flow
depth. It can also arise due to differences in soil charac-
teristics of main channel and those of flood plains. The
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Figure 9. Flood routing in rectangular channel with infiltration
for Case 4: (a) Water surface profile; (b) Discharge hydrograph at
2 km.

model proposed in the present study (1DSP2DSS) takes this
into account. In this section, we evaluate the errors that may
result in flow computations if one ignores the lateral vari-
ation in infiltration rate while performing the flood routing
in ephemeral channels. For this purpose, results obtained
using the 1DSP2DSS model are compared with the results
obtained using the 1DS1DSS model, for the same geo-
metric and soil parameters. Comparison is made for two
cases of flood plain width: 10 m and 50 m. Input data for
these simulations are as follows: main channel
width = 5 m; flood plain width = 10 m/50 m; depth to the
flood plain = 1.0 m and slope of the channel = 0.05%.
The triangular inflow hydrograph is specified as upstream
boundary  condition  with  maximum  discharge,
Opear = 200 m’/s, time to peak f,.qx = 2 min. The soil
characteristics are the same as given in section 4.1c.

Case 5: Main channel and flood plains of equal rough-
ness In this particular simulation, roughness coefficient
for main channel = roughness coefficient for flood
plains = 0.02. Results obtained for discharge and depth
hydrographs at x = 3.0 km are presented in figure 10a, b. It

M Balamurugan and S Murty Bhallamudi

200

—e—Q-1DSIDSS -Bfp=10M
180 A\ ——Q-1DSP2DSS ~Bfp=10M
—=—Q-1DSIDSS ~Bfp=50M

—e—Q—1DSP2DSS —Bfp=50M

160

Flood discharge (m?/s)
o ® & B &
o o o o o

I
S

N
S}

o

0 10 20 30 40 50 60
Time (min)

(a)

25

—6-Q - 1DSIDSS -Bfp=10M
—h-1DSP2DSS -Bfp=10M
—*h—1DS1DSS —-Bfp=50M

—&-h - 1DSP2DSS -Bfp=50M

15

Flood depth (m)

0.5

0 10 20 30 40 50 60
Time (min)

(b)

Figure 10. Comparison of 1DSIDSS and 1DSP2DSS models for
Case 5: (a) Discharge hydrograph; (b) Depth hydrograph.

can be observed from figure 10a that ignoring the lateral
variation in infiltration has not affected the movement of
flood wave significantly in case of channels with narrow
flood plains (b; = by = 10 m). However, the effect is
significant, with a difference of 12 m’/s (10%) in peak
discharge, in the case of large flood plain widths (by = -
bs = 50 m). As can be expected, this effect gets magnified
as the flood plain width increases. For example, in a case
where the flood plain width is 150 m (results not shown
here), the difference in peak discharge is equal to 59.3 m*/s
(76% from 1DS1DSS case). Consequently, there is a sig-
nificant difference in the total amount of water infiltrated
into the subsurface, if the lateral variation in infiltration rate
is not considered. For the case of 50 m flood plain width,
1DS1DSS model results in a transmission loss of 75,060 m’
of water in the first 3.0 km length of channel, as compared
to a value of 58,260 m’ given by the 1DP2DSS model.
Thus the 1DS1DSS model over predicted the transmission
loss by 22%. It may be noted here that the surface flow
depth causing the infiltration is less on the flood plains as
compared to that in the main channel. Therefore, IDS1DSS
model which determines the loss based on single flow depth
value corresponding to the main channel depth, over pre-
dicts the average infiltration rate as compared to
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Figure 11. Comparison of 1DSIDSS and 1DSP2DSS models for
Case 6 with rougher flood plains: (a) Discharge hydrograph;
(b) Depth hydrograph.

1DSP2DSS model. Interestingly, ignoring the lateral vari-
ation in infiltration has not affected the depth hydrograph
significantly for the simulations made here (figure 10b).

Case 6: Flood plains rougher than main channel In many
natural cases, flood plains are much rougher than the main
channel, and this difference in roughness has an effect on
momentum transfer between the flood plain flow and the
main channel flow. Therefore, simulations are carried out to
estimate the difference between results obtained using
1DS1DSS and 1DSP2DSS models, when flood plains are
rougher than main channel. Input data for these simulations
are same as for case 5, except the Manning roughness
coefficient for flood plains is taken as 0.04. Results
obtained for discharge and depth hydrographs at
x = 3.0 km are presented in figure 11a, b, respectively. It
can be observed from figure 11a that the Q.. lags and
decreases by 30 m’/s when compared t0 Q.. value
obtained when the flood plains are smoother (figure 10a)
and flood plain width = 50 m. Rougher flood plains induce
more resistance and slow down the flood wave movement.
The reduction in Q,.. value is also due to an increased
infiltration loss on the rougher flood plains. Interestingly,
the difference between the results obtained using the
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1DS1DSS and the 1DSP2DSS models is not as much as
when the flood plains are smoother. The difference in
transmission loss obtained using 1DS1DSS and 1DSP2DSS
models is only 13.7%, as compared to 22% for the earlier
case. The difference in surface flow depths obtained using
1DS1DSS and 1DSP2DSS models is smaller in the case of
channel with rougher flood plains, as compared to the case
of channel with smoother flood plains. For example, dif-
ference in peak depths obtained using 1DS1DSS and
IDSP2DSS models is only 1 cm for the case of channel
with rougher flood plains, while it is as much as 3.9 cm in
the case of channel with smooth flood plains. Also, the
difference in time base of hydrograph at any section
obtained using 1DS1DSS and 1DSP2DSS models is smaller
in the case of channel with rougher flood plains, as com-
pared to the case of channel with smoother flood plains.

Case 7: Clogging layer in the main channel Many times,
there could be a clogging layer in the channel, which
reduces the infiltration loss. In the simulations presented in
this section, it is assumed that the top soil layers in the main
channel have a K, value equal to 20 cm/h, as compared to
a value of 33.2 cm/h for flood plains. Rest of the soil layers
below both main channel and flood plain have a K,
value = 33.2 cm/h. The schematic diagrams in figure 12a,
b illustrate the compound rectangular channel and infiltra-
tion component with clogging layer on both the main
channel and flood plains. These simulations are performed
to demonstrate why the proposed 1DSP2DSS model should
be used instead of the usual 1DS1DSS model, when lateral
variation in infiltration rate in a channel occurs not only
because of difference in surface flow depth but also because
of differences in soil properties. It is obvious that IDS1DSS
model is strictly not valid in such a case because it uses the
same infiltration rate across the entire cross section (fig-
ure 12a), based on the flow depth in the main channel and
average soil characteristics.

Results obtained for discharge and depth hydrographs at
x = 3.0 km are presented in figure 13a, b, respectively.
The difference in Q.. values at x = 3.0 km simulated by
1DS1DSS and 1DSP2DSS models is 9.5 m*/s 9.9%). 1t
should also be noted that, unlike in previous cases, the
Opear value simulated by 1DSIDSS model is larger than
that simulated by IDSP2DSS model, indicating that
IDS1DSS model under predicts the transmission losses.
This is expected because 1DS1DSS model takes K, value
of top layers equal to 20 cm/h for entire width of the
channel, whereas the correct value for flood plains
(33.2 cm/h) is larger than this. Transmission loss in 3.0 km
stretch as simulated by the 1DS1DSS model is equal to
51,840 m*® while it is equal to 62,760 m® (differ-
ence = 21%) as simulated by the IDSP2DSS model. These
simulations demonstrate the usefulness of the 1DSP2DSS
model for flood routing in compound channels where there
is a lateral variation in infiltration rate at a cross section.



782

By,
oo >

z

I
Channel bed top layer

Channel bed bottom layer

(a)
By
DO e e bt >
=z
Flood plain
Top layer
l l Flood plain
Bottom layer
Main channel
top layer
Main channel
Bottom layer
(b)
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4.3 Model capabilities and limitations

Transmission losses in an ephemeral channel vary over space
and time due to heterogeneous soil characteristics on various
surfaces. The capability of the proposed model for
accounting for different soil and roughness characteristics in
the main channel and the flood plains has been demonstrated
through simulations presented in previous section. In fact,
consideration of Richards equation was for the purpose of
incorporating the longitudinal and transverse variability
(spatial) in transmission loss, arising not only due to changes
in soil characteristics but also due to differences in the arrival
time of the flood waters. Although no simulations are pre-
sented, where the longitudinal variation in transmission loss
is due to longitudinal variation in soil and roughness char-
acteristics, the model is formulated in such a way that it can
easily consider the spatially varying data (through input files
for channel and soil characteristics), if they are available.
Also, although simulations are not presented for a case
where the cross sectional shape varies in the longitudinal
direction, the model is capable of taking this into consider-
ation. In this context, it may be noted that the model is
conceptualized based on governing equations for flow using
flow area, A and flow rate, Q as variables, in a conservation
form, so that it can handle any cross sectional shape and
longitudinal variation in cross sectional shape.
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Figure 13. Comparison of 1DS1DSS and 1DSP2DSS models for
Case 7 with clogging layer: (a) Discharge hydrograph; (b) Depth
hydrograph.

The present model cannot take into consideration the
changes induced to cross-section and bed characteristics
due to aggradation and degradation during a flood event. It
may be noted that infiltration losses decrease flow depth
and sediment transport capacity which cause aggradation in
low-gradient channel segments. This in turn may increase
the potential for further transmission losses. It may be also
noted that high-magnitude floods can completely restruc-
ture the ephemeral channel geometry in arid regions [60].
In such cases, there could be temporal variation in infil-
tration characteristics during the flood event itself and the
present model would fail to simulate flood movement
correctly. However, such situations are infrequent and in
many cases, ephemeral channels tend to maintain similar
flow characteristics over long periods of time [61]. Also,
the present model can constitute the core hydraulic module
in a more elaborate model for simulating flow and geo-
morphologic changes in ephemeral channels. Such models
would necessarily couple a hydraulic model with a model
for morphological changes, based on inclusion of equation
for conservation of sediment movement.

The computational time step required in the solution of
Richards equation is 0.5 s. A small time step is required in
order to capture the very high infiltration rate that would
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occur as the wave front reaches a particular location, which
is hitherto dry. The computational time taken by the model
1DS1DSS is 1.5 h, while the computational time taken by
the model 1DSP2DSS is 11.3 h, on CORE-i7 computer
system. Thus the model 1DSP2DSS is computationally
more intensive as compared to the model 1DS1DSS.
However, the advantage of model 1DSP2DSS is that it can
incorporate the lateral variation in transmission losses
without having to solve the complete three dimensional
Richards equation.

5. Summary and conclusions

A mathematical model is presented for flood routing in
ephemeral channels with compound cross-sections. Com-
plete Saint Venant equations are numerically solved for
simulating the surface flow conditions while the sub-sur-
face flow conditions are simulated by numerically solving
the Richards equation for unsaturated conditions. The flood
plain and main channel flow interaction is modeled using
the interactive divided channel (IDC) method proposed in
literature recently. An iterative technique is used for cou-
pling the surface and sub-surface components. The pro-
posed model considers only one dimensional flow in the
vertical direction in the soil column. However, it considers
different soil columns for main channel and flood plains.
This facilitates the consideration of lateral variation in
infiltration rate at a cross section, which could arise due to
(i) lateral variation in flow depth, (ii) differences in the
arrival times of flood wave and (iii) lateral variation in soil
characteristics. Simulations have indicated that one can
obtain reasonably accurate answers by using the simpler
IDS1DSS model instead of the more elaborate IDSP2DSS
model, if the flood plains are not wide and the channel is
not long. However, the transmission losses are either under
predicted or over predicted, depending on situation, by as
much as 20%, if lateral variation in infiltration rate is not
considered for channels with wide flood plains, and when
there is a lateral variation in soil characteristics. This can
have significant bearing on the management of water
resources in arid regions. Limitations of IDSP2DSS model
are (i) it is more data intensive, requiring the data on soil
characteristics of the main channel as well as the flood
plains, (ii) it is computationally more intensive than the
IDS1DSS model and (iii) it cannot be applied in situations
where the flood event induces significant structural changes
to the ephemeral channel.
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