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Abstract:
Two distributed parameter models, a one-dimensional (1D) model and a two-dimensional (2D) model, are developed
to simulate overland flow in two small semiarid shrubland watersheds in the Jornada basin, southern New Mexico. The
models are event-based and represent each watershed by an array of 1-m2 cells, in which the cell size is approximately
equal to the average area of the shrubs.
Each model uses only six parameters, for which values are obtained from field surveys and rainfall simulation
experiments. In the 1D model, flow volumes through a fixed network are computed by a simple finite-difference
solution to the 1D kinematic wave equation. In the 2D model, flow directions and volumes are computed by a
second-order predictor–corrector finite-difference solution to the 2D kinematic wave equation, in which flow routing
is implicit and may vary in response to flow conditions.
The models are compared in terms of the runoff hydrograph and the spatial distribution of runoff. The simulation
results suggest that both the 1D and the 2D models have much to offer as tools for the large-scale study of overland
flow. Because it is based on a fixed flow network, the 1D model is better suited to the study of runoff due to individual
rainfall events, whereas the 2D model may, with further development, be used to study both runoff and erosion during
multiple rainfall events in which the dynamic nature of the terrain becomes an important consideration. Copyright 
2006 John Wiley & Sons, Ltd.
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INTRODUCTION
Distributed parameter modelling is the most widely used method of modelling runoff in semiarid environments
(e.g. Zhang and Cundy, 1989; Goodrich et al., 1991; Moore and Grayson, 1991; Vertessy et al., 1993; Flanagan
and Nearing, 1995; Smith et al., 1995). This approach provides a detailed representation of the watershed and
an accurate description of the runoff processes using physically based relationships. A watershed is represented
as a set of spatial (distributed) elements and the model simulates (1) the hydrologic processes operating within
each element (i.e. the conversion of rainfall to runoff), and (2) the flow of water between the elements (i.e.
surface runoff).
Distributed parameter models are classified according to (1) the description of the runoff processes and
(2) the dimensionality of the flow description. In the first case, models are classified as deterministic, stochastic,
or mixed, depending on the degree of certainty with which the runoff processes are described in the model
(Singh, 1996). In the second case, models are classified as either one-dimensional (1D) or two-dimensional
(2D). For the simulation of runoff in very small watersheds, both types of model typically employ the
kinematic wave approximation to the Saint Venant flow equations. This method involves numerically solving
the continuity or mass balance equation using a uniform flow approximation to compute flow velocity.
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1D models
1D runoff models are based on the assumption that runoff from a watershed can be treated as a set of 1D
flows and that these flows may be integrated to provide a simulated hydrograph at the outlet of the watershed.
This concept is generally implemented in a distributed parameter model in one of two ways. The first involves
defining the model elements such that they form cascades, whereas the second involves the use of a flow
routing algorithm to determine a single outflow direction for each element based on the local topography. The
first approach is illustrated by THALES (Grayson et al., 1992a) and TOPOG (Vertessy et al., 1993), which
use the ‘stream-tubes’ concept of Onstad and Brakensiek (1968), and by KINEROS (Smith et al., 1995) and
WEPP (Flanagan and Nearing, 1995), which represent hillslopes and channels by cascading planes.
The second 1D approach is illustrated by the model of Scoging et al. (1992). In this model, a hillslope
or watershed is represented as a grid of square cells, and a flow network is defined using a simple routing
algorithm, which allows flow to occur from each cell to one of its eight neighbours. The volume of flow
through the network is computed by solving the 1D kinematic wave equation at the centre of each cell.
Scoging et al. (1992) applied this model to a large runoff plot (35 m long and 18 m wide) on a shrubland
hillslope at Walnut Gulch, and Parsons et al. (1997) applied a modified version of the model to another large
runoff plot (29 m long and 18 m wide) on a grassland hillslope at Walnut Gulch. By comparing simulated
hydrographs with observed hydrographs, the two studies showed that the model worked well for cell sizes
ranging from 0Ð5 to 10 m2 .
2D models
In contrast to the 1D models described above, 2D models route flow implicitly and are mathematically more
complex. However, according to Zhang and Cundy (1989), 2D models simulate the spatial distribution of
overland flow more realistically and with greater accuracy than 1D models do. Goodrich et al. (1991) applied
a 2D runoff model based on a set of triangular elements to a portion of the Lucky Hills watershed at Walnut
Gulch and compared the model results with hydrographs generated by KINEROS. The two models produced
similar results. Gao et al. (1993) applied a 2D runoff model based on a regular grid spatial structure to the
same watershed. Their model was applied without calibration and the results were found to match measured
runoff data reasonably well.
Modelling overland flow in the Jornada shrubland
The focus of the present study is on the modelling of runoff processes on the creosotebush (Larrea
tridentata) shrubland in the Jornada basin, southern New Mexico. This study is part of the Jornada basin
Long-Term Ecological Research (LTER) project, which is concerned with the causes and consequences of the
widespread replacement of grassland by shrubland in the American Southwest.
Studies concerned with the supply of water to shrubs tend to focus on the role of interception and stemflow
(e.g. Navar and Bryan, 1990; Martinez-Meza and Whitford, 1996; Abrahams et al., 2005). Furthermore, plant
growth models developed by Reynolds et al. (1997) to simulate the evolution of shrubland ecosystems are
based on the assumption that all of the water reaching a shrub originates as rain falling directly onto the shrub.
However, the lateral redistribution of water by overland flow is widely recognized as being critical to plant
production of desert ecosystems (Schlesinger and Jones, 1984; Noy-Meir, 1985). On shrubland hillslopes,
most shrubs reside on microtopographic mounds a few centimetres high. These cause overland flow in the
bare intershrub areas to concentrate in flowpaths, where it diverges and converges around the shrubs in a
complex reticular pattern. Nonetheless, significant quantities of water flow onto and off shrub mounds, both
adding to and subtracting from the supply of water and nutrients to individual shrubs. These processes have
received little attention, in large part due to the lack of a suitable model to simulate overland flow at this
scale.
Howes and Abrahams (2003) developed a 2D model to simulate runon at the scale of the individual shrub
in two small watersheds in the creosotebush shrubland of the Jornada basin. This 2D model is mathematically
Copyright  2006 John Wiley & Sons, Ltd.

Hydrol. Process. 20, 1027– 1046 (2006)

MODELLING OVERLAND FLOW

1029

quite complex. Consequently, in this study a 1D model is developed that is mathematically simpler than the
2D model. This model is applied to simulate the runoff in the same two watersheds and the performance
of the models is then compared in terms of both the runoff hydrograph and the spatial pattern of overland
flow.
In order to simulate overland flow accurately in the Jornada shrubland, the 1D and 2D models were designed
to satisfy the following requirements:
1. The model elements must be small enough to discriminate between shrub and intershrub areas.
2. The model must be able to represent accurately the divergence and convergence of flow around individual
shrubs.
3. The model should contain the optimum number of parameters to describe the runoff processes accurately,
but not in excessive detail.
4. Where possible, the model parameter values should be obtainable from field experiments conducted at the
same scale as the model elements.

MODEL DEVELOPMENT
Kinematic wave approximation
The 1D and 2D models are based on the kinematic wave approximation to the Saint Venant flow equations
(de Saint Venant, 1871; Ponce, 1991)
∂h ∂q
C
Drf
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∂x
∂h ∂q ∂q
C
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where h (cm) is the flow depth, t (h) is the time, x and y (cm) are the space increments, r (cm h1 ) is the
rainfall rate, f (cm h1 ) is the infiltration capacity, and q (cm2 h1 ) is the unit discharge, which is computed
as
3
q D vh
where v (cm s1 ) is the flow velocity. Inasmuch as the kinematic wave approximation is based on the
assumption that changes in momentum in overland flow are negligible compared with both the gravitational
force (which promotes flow) and the frictional forces (which transmit the frictional effects of the surface into
the flow) (Baird, 1997), v may be calculated using a uniform flow approximation. Thus, gradually varied,
non-uniform, free-surface flow may be visualized as a succession of steady uniform flows (Chow, 1959;
Ponce, 1991).
Uniform flow velocity
The 1D and 2D models employ the Darcy–Weisbach flow equation

8ghs
vD
ff

4

where g (cm s2 ) is the acceleration due to gravity, s is the slope, and ff is the friction factor.
In the kinematic wave approximation, the relationship between q and h is known as the kinematic
approximation to the momentum equation (Sherman and Singh, 1976) or the rating equation. This equation
has the form
q D ˛hm
5
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where ˛ (cm2m h1 ) is the kinematic wave friction relationship parameter and m is the slope-friction
coefficient. When v is computed using the Darcy–Weisbach equation and s and ff are constant, then ˛
and m are both constants and their values can be obtained from Equation (4) as follows:

8ghs
vD
6
D ˛h0Ð5
ff
p
where ˛ D 8gs/ff . Therefore, from Equation (3)
q D vh D ˛h1Ð5

7

Thus, m in Equation (5) is equal to 1Ð5.
Infiltration
Infiltration is described in the model using the storage-based Smith–Parlange equation (Smith and Parlange,
1978; Woolhiser et al., 1990)
Ks eF/B
f D F/B
f>0
8
e
1
where f (cm h1 ) is the infiltration capacity, Ks (cm h1 ) is the saturated hydraulic conductivity, F (cm) is
the infiltrated depth, and B (cm) is a soil storage parameter (Freeze, 1980) defined by
BD

S2
2Ks

9

where S (cm h0Ð5 ) is the sorptivity accounting for both capillary suction and initial conditions.
If the soil properties are the same throughout the watershed and all points receive the same amount of
rainfall, then ponding occurs at all points simultaneously. However, most soil properties are highly variable
over short distances (e.g. Nielsen et al., 1973; Springer and Cundy, 1987), and this spatial variability may
give rise to runon infiltration. Runon infiltration occurs when runoff generated in an upslope area encounters
a downslope area where ponding has not occurred. In the latter area, the rainfall excess is still negative, so
the soil still has infiltration capacity to satisfy. Some or all of this unsatisfied capacity may be filled by runon.
The effect of runon infiltration is to increase the infiltrated depth, and thus accelerate ponding, causing runoff
to occur earlier than it otherwise would (Scoging et al., 1992).
Using Equation (8) and allowing for runon infiltration, the infiltration rate i (cm s1 ) is computed as
either
i D qr C r for f > qr C r
10
or
i D f for f  qr C r
where qr (cm h1 ) is the runon per unit surface area.
1D MODEL
Numerical solution scheme
In the 1D runoff model, a first-order 1D finite-difference scheme is used to solve the 1D kinematic wave
equation (Equation (1)). The finite-difference form of this equation is
t
qt  qix
hitCt  hit
C i
D ex ti
t
x
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where subscript i is a spatial node on the flowpath, x is the space increment, and ex D r  f. This scheme
is known as a backward-space scheme because the space differencing occurs backwards with respect to the
direction of flow (i.e. upslope).
Rearranging Equation (11), and solving for h at the next time step gives
hitCt D hit 

t t
t
 C exti
q  qix
x i

12

Stability
The numerical solution to the 1D kinematic wave equation can be prevented from becoming unstable by
the use of two stability constraints, both of which must be satisfied. The first of these is the Courant condition,
a stability measure relating u, t, and x, which refers to the left side of Equation (1).
The Courant condition states that the scheme will remain stable as long as
ut
1
13
x
The left side of this equation is referred to as the Courant number.
In the 1D numerical solution scheme, t can be varied at each time step in response to instability, and also
as a means of improving efficiency. Should the Courant number exceed unity, the value of t is reduced and
the value of h recalculated.
The efficiency of the numerical scheme can also be improved by choosing as large a value of t as possible
while ensuring that the value used will not cause the scheme to become unstable. A suitable value of t can
be obtained by rearranging Equation (13) to give
t D C

x
u

14

where C is the Courant coefficient, and 0 < C < 1.
Using Equation (14), t will vary with the flow conditions. If conditions are changing rapidly, t will be
very small, but if conditions are changing more slowly, t will have a larger value. Thus, when time steps
are selected according to the Courant condition, the numerical scheme is able to respond to the variability
present in the analytical solution.
The value of C is generally fixed, but this is not required. In many applications using the Courant condition,
C D 0Ð9 is an appropriate choice. However, the value of t provided by Equation (14) may be too large
in situations where flow conditions change extremely rapidly, causing the solution scheme to become unstable.
As long as the Courant condition is checked at the end of each time step, this situation can be addressed
by recalculating h using a smaller t. If the estimates of t are consistently too large, then a smaller value
of C can be used in the scheme to reduce the number of times that h must be recalculated. In testing the
models for the Jornada shrubland, it was found that C had to be as low as 0Ð1. This is because the velocity of
overland flow in the shrubland can be high (in excess of 1Ð3 m s1 ) and can change rapidly due to a number
of factors, including the convergence and divergence of flow around shrub mounds and sudden variations in
rainfall intensity during summer thunderstorms.
The second stability constraint applies to the source term (the right-hand side of Equation (1)). In general,
if A is the magnitude of the source term, then the numerical scheme will be stable as long as
1
15
A
As with the Courant condition, problems may arise if conditions change rapidly. Therefore, requiring that
t <

0Ð1
A
is more reliable when modelling highly variable flow conditions typical of the Jornada shrubland.
t <
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Flow network
For the 1D model, flow networks are computed using the algorithm of Tarboton (1997). This algorithm
was selected (1) because of its ability to represent effectively the diverging and converging flowpaths of the
Jornada shrubland and (2) because it is a robust procedure which is based on a simple grid structure and is
relatively insensitive to grid orientation.
The Tarboton algorithm takes as input a digital elevation model (DEM) and, for every cell in the
DEM, calculates a flow vector for each of eight triangular facets radiating from the centre of the cell.
The steepest downslope vector from all eight facets is taken as the flow vector for the cell. Flow is then
apportioned between a maximum of two downslope cells according to a procedure described in Tarboton
(1997).
Since it includes only one space dimension, the 1D kinematic wave equation applies to flow along a 1D
flowpath, which implies that any point along the flowpath can have only one inflow and one outflow. However,
Scoging et al. (1992) and Parsons et al. (1997) showed that it is acceptable to treat the inflow to a spatial
node as the sum of several inflows and also to divide the outflow from a spatial node between a number
of cells. The 1D numerical scheme may, therefore, be used to compute the flow depth at each node in the
diverging and converging flow network produced using the Tarboton algorithm.
Initial and boundary conditions
At the beginning of a simulated rainstorm, the value of h is set to zero at all nodes in the flow network,
and the antecedent moisture is specified by assigning an initial value to F in the Smith–Parlange equation
(Equation (8)).

2D MODEL
Numerical solution scheme
The spatial and temporal variations in flow depth are simulated in the model by numerical solution of
the 2D kinematic wave equation (Equation (2)) using a second-order accurate predictor–corrector finitedifference scheme developed by Davis (1988). The Davis algorithm was originally designed for problems
in computational fluid dynamics and provides greater spatial and temporal accuracy than the 1D numerical
schemes used previously in modelling overland flow (e.g. Scoging et al., 1992; Parsons et al., 1997). The
ability of the algorithm to capture nonlinear shocks and expansion waves smoothly and accurately makes it
well suited to modelling the rapidly changing flow conditions typical of the Jornada shrubland. The model
developed by Howes and Abrahams (2003) represents the first application of the Davis algorithm to modelling
overland flow.
The Davis algorithm can be summarized as follows. For each cell in the model grid, the flow depth is
calculated at each time step by taking into account the flows between the cell and each of the eight neighbouring
cells. Flows in the cardinal directions are calculated explicitly, whereas those between the cell and its diagonal
neighbours are calculated implicitly. A simplified version of the equations underlying the algorithm is provided
below. The reader is referred to Davis (1988) for further details. The simplified numerical scheme discussed
below (Equation (19)) is not stable in its own right, but it is made stable by minor modifications included in
the Davis scheme.
Second-order accuracy in the spatial dimensions is obtained using centre-differencing. With the value of
the source term r  f set to zero, Equation (2) can be expressed as
tCt
t
hi,j
 hi,j

t
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If the flow velocity in the x direction is denoted by a and that in the y direction is denoted by b using
Equation (3), then Equation (17) can be rewritten as
tCt
t
hi,j
 hi,j

t

C



a  t
b  t
t
t
hiCx,j  hix,j
C
hi,jCy  hi,jy
D0
2x
2y

18

tCt
which can be solved for hi,j
to give
tCt
t
hi,j
D hi,j
a

t t
t t
t
t
 hi1,j
b
 hi,j1

h
h
2x iC1,j
2y i,jC1

19

Second-order accuracy in space is obtained using the midpoint rule in which h for a cell is computed in two
steps: at the midpoint of a given time step (the predictor step) and at the end of the time step (the corrector
step).
In the predictor step, h is estimated for each of the four cardinal neighbours of a cell, and these midtime
values are used to compute h for the cell in the corrector step:
tCt
t
hi,j
D hi,j
a

t tCt/2
t tCt/2
tCt/2
tCt/2
 hi1,j   b
 hi,j1 
h
h
2x iC1,j
2y i,jC1

20

tCt
Thus, the calculation of hi,j
takes into account not only the components of flow along the axes, but also
the components of flow from the diagonal cells (i  1, j C 1), (i C 1, j C 1), (i C 1, j  1) and (i  1, j  1)
through the calculation of the midtime h values in the predictor step. As for the 1D model, instability of the
numerical solution scheme is avoided by checking the Courant condition (Equation (13)) and the source term
stability measure (Equation (16)) at the end of each time step and, if necessary, recomputing the h values for
the time step using a new time increment.

Initial and boundary conditions
The value of h is set to zero in all cells at the beginning of a simulation run, and the antecedent moisture
is specified by assigning an initial value to F in the Smith–Parlange equation (Equation (8)). At the end of
each time step during a model run, h is set to zero in all cells along the boundary of the model grid. In other
words, the boundary cells act as permanent sinks. In general, this procedure is likely to have a negligible
effect on the simulation of runoff in a watershed as long as the boundary cells are several metres from the
watershed boundary.

PARAMETERIZATION
Parameterization and calibration of physically based distributed runoff models have been the subject of much
discussion. This discussion has centred on the appropriate number of parameters to be used in such models
and, in particular, on the number of parameters that require adjustment during calibration (e.g. Beven, 1989;
Grayson et al., 1992b; Refsgaard, 1997). In general, as the number of parameters in a model increases, so
too does the degree of interdependence between the parameters and, as a consequence, the chance of error.
Additionally, as the number of parameters requiring adjustment during calibration increases, the greater is
the likelihood that the model output will not be a unique and accurate representation of the runoff process
(Beven, 1989). These potential problems can be avoided by adherence to the following recommendations
(Beven, 1989; Refsgaard and Storm, 1996; Refsgaard, 1997):
1. The number of parameters should be kept to a minimum while retaining the ability to represent the runoff
processes accurately.
Copyright  2006 John Wiley & Sons, Ltd.
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2. Values for as many of the parameters as possible should be determined from field data.
3. The parameter values obtained from field experiments should be collected at the same scale as the model
elements to which they will be assigned.
In accordance with the first of these recommendations, the number of parameters employed in the 1D and
2D runoff models was limited to six. Recommendations 1 and 2 are discussed in the following sections, which
describe the study watersheds and the spatial representation of these watersheds.
Study watersheds
The 1D and 2D models are parameterized for two small watersheds located in the creosotebush shrubland
at the foot of Mount Summerford on the west side of the Jornada basin. The two watersheds differ slightly in
terms of their relief, surface properties, and the nature of the shrubs. These differences, however, are typical
of the variation across the creosotebush shrubland at Jornada. The watersheds are referred to as the north and
south watersheds.
The north watershed (Figure 1), which has an area of 775 m2 , lies ¾750 m downslope from Mount
Summerford. The shrubs in this watershed have an average height of 1Ð34 m and average canopy diameter
of 1Ð59 m. Apart from occasional small forbs, vegetation is generally absent from the intershrub areas. The
soil underlying the shrub and intershrub surfaces is a Typic Haplargid loamy sand (Schlesinger et al., 1999);
the rills have sandy beds that, like the loamy sand, have a gravel content of <5% (by weight).

Figure 1. Map of the north watershed showing 5 cm contours, rills, and shrubs
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All of the shrubs in the north watershed are underlain by the same type of soil, but this soil may be
bare, covered by grass (Muhlenbergia porteri ), or covered by litter. The presence of vegetation or litter
increases the friction encountered by water flowing under the shrubs. This increased friction causes a reduction
in flow velocity, thus increasing the likelihood that the water will infiltrate rather than run off into the
surrounding intershrub area. In addition, sub-canopy vegetation may enhance infiltration by increasing soil
organic matter and macroporosity through root decomposition and faunal activity (Abrahams et al., 2005).
Since the differences in ground cover affect the amount of runoff in the watershed, it was necessary to
distinguish between the three surface types in the modelling.
The south watershed (Figure 2), which has an area of 889 m2 , is situated ¾1Ð2 km southeast of the north
watershed. Like the north watershed, it is located on Typic Haplargid soils (Schlesinger et al., 1999) but has a
more incised rill network. The creosotebush in this watershed have an average height of 0Ð89 m and average
canopy diameter of 0Ð92 m. Both the shrub mounds and intershrub areas are bare and consist of loamy sand,
and the rill beds consist of sand. In contrast to the north watershed, gravel constitutes 30% of the rill and
intershrub soils, and 5% of the shrub soil.
As shown in Table I, the parameter values for the north and south watersheds were acquired from watershed
surveys, watershed monitoring, and rainfall simulation experiments. The procedures used to obtain the data
for s, r Ks , B, Fi , and ff are described in detail in Howes and Abrahams (2003) and, therefore, will not be
discussed here.
Spatial representation of the watersheds
For the purpose of the modelling, each watershed is represented by a grid of 1 m2 cells. This guarantees
that, apart from the creation of the 1D flow network, the parameterization process is virtually identical for the

Figure 2. Map of the south watershed showing 5 cm contours, rills, and shrubs
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Table I. Model parameters and the source of their values
Parameter

Symbol

Source

Slope
Rainfall
Saturated hydraulic conductivity
Soil storage parameter
Initial infiltrated depth
Darcy–Weisbach friction factor

s
r
Ks
B
Fi
ff

DEM based on field survey
Tipping-bucket rain gauge attached to data logger
Rainfall simulation experiments
Model fit using rainfall simulation data
Based on rainfall data
Friction plot experiments or model fit to rainfall simulation data

two models and that the spatial distributions of runoff properties, such as flow depth and discharge, generated
by one model can be directly compared with those generated by the other.
A cell size of 1 m2 was chosen to correspond to the average area of the shrub mounds in the south
watershed. Although the shrub mounds in the north watershed are about twice as large, the same cell size
was used in both watersheds to facilitate comparison of the results. The use of small cells is also in accord
with the second and third recommendations with regard to the parameterization.
In distributed parameter modelling, it is not uncommon for parameter values obtained for a small area to
be assigned to model cells representing much larger areas (e.g. Bathurst, 1986). This is problematic, because
the spatial averaging of model parameters, such as Ks and ff, will be greater for a model cell than for the
area over which the parameter was measured (Beven, 1989; Grayson et al., 1992b). The use of 1 m2 cells in
the present study makes it feasible to conduct field experiments to parameterize the model at the same scale
as the model cells. This ensures that the spatial averaging of model parameters is the same in the model cells
as it is in reality.
For each watershed, the model grid was aligned with the long axis of the watershed; and the grid was
positioned such that the flume at the outlet of the watershed was located in the centre of a cell. Simulations
with other alignments showed that the main findings were insensitive to grid alignment.
Because the runoff processes operating beneath shrubs contrast sharply with those operating between shrubs,
each cell was classified as either shrub or intershrub. The north watershed shrub cells were then classified as
bare, grass-covered, or litter-covered. All south watershed shrub cells were classified as bare. Rill surfaces
resembled intershrub surfaces and were, therefore, classified as such.
The ArcInfo Geographic Information System package (ESRI, 1998) was used to create a DEM for each
watershed from the survey data. The Tarboton algorithm was then applied to the DEMs to generate the flow
networks shown in Figures 3 and 4.

MODEL RESULTS
The predictive abilities of the two models are compared by examining runoff hydrographs and the spatial
distribution of overland flow in the two watersheds. In this paper, model output is compared for two storms,
but hydrographs for six storms are compared by Howes and Abrahams (2003).
Figure 5 to 8 show the hydrographs predicted by the 1D and 2D models for storms on 30 July and 14
August 1997. Inspection of these hydrographs suggests the following tendencies:
1. The hydrographs for the 30 July storm in the south watershed show that both models are, on some occasions,
capable of providing accurate predictions of the hydrographs.
2. The 1D model tends to overpredict observed peak discharges, whereas the 2D model tends to underpredict
observed peak discharges.
3. For the north watershed, both models accurately predict the time of peak runoff, whereas for the south
watershed, the model predictions tend to lag behind the observed peak discharges.
Copyright  2006 John Wiley & Sons, Ltd.
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Figure 3. Flow network for the north watershed generated by the Tarboton algorithm

4. There is a tendency for the 1D model to predict higher peak discharges than the 2D model. This tendency
is particularly strong and implies that the 1D model concentrates overland flow more quickly and predicts
greater flow velocities than the 2D model does. This implication is evaluated by examining the spatial
distribution of overland flow in the watersheds.
Spatial distribution of overland flow
Greyscale images representing the spatial distribution of flow depth at the time of peak discharge for the
30 July 1997 storm are shown for the north watershed in Figures 9 and 10 and for the south watershed in
Figures 11 and 12. The rills surveyed are also shown in each figure. The images suggest that the models
simulate the spatial pattern of flow depth in each watershed well, although the differences between the 1D
and 2D representations of the runoff processes are clear. In the 1D model, much of the flow is confined to
narrowly defined flowpaths, especially along the main rill in each watershed, whereas the flow exhibits much
greater dispersion when represented by the 2D model. Except in a few places in each watershed, the depth of
flow in cells along the watershed boundary is small. However, as will be discussed later, some flow across
the boundary does occur.
A section of the south watershed is shown in Figures 13 and 14 in order to provide a detailed view
of the 1D and 2D flow patterns. The depth of flow in the main channel is about 3Ð6 cm in the 1D
representation, whereas flow is distributed over a wider area in the 2D representation and is, therefore,
only about 1Ð85 cm deep at the same point. This 2D representation of the flow in the rills is less realistic than that for the 1D model, especially in the south watershed. In reality, the rills in this watershed are well defined and flow is generally confined to a width of less than 1 m. Thus, in the case
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Figure 4. Flow network for the south watershed generated by the Tarboton algorithm
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Figure 5. North watershed observed and simulated hydrographs for the 30 July 1997 storm

of rill cells, the discrete and well-defined flowpaths that are specified by the Tarboton algorithm are
more realistic than the dispersive flow pattern simulated by the 2D model. The 2D model, however, provides a more realistic representation of the flow on the hillslopes between the rills than does the 1D
model.
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Figure 6. South watershed observed and simulated hydrographs for the 30 July 1997 storm
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Figure 7. North watershed observed and simulated hydrographs for the 14 August 1997 storm

Differences between the output from the 1D and 2D models
Flow routing, infiltration, and flow resistance. The primary differences between the performances of the
1D and 2D runoff models relate to flow routing, as illustrated by the flow depth images discussed above.
In general, the total distance travelled by overland flow in a watershed, which can be referred to as the
cumulative flow distance, is smaller when the flow is represented one-dimensionally than when it is represented
two-dimensionally.
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Figure 8. South watershed observed and simulated hydrographs for the 14 August 1997 storm

The two main consequences of differences in the cumulative flow distance relate to infiltration and flow
resistance. An increase in the cumulative flow distance is generally accompanied by an increase in the
opportunity for water to infiltrate. The predicted hydrographs suggest that the total volume of infiltration
estimated by the 1D model is consistently less than that estimated by the 2D model. With a lower cumulative
flow distance, the flow encounters lower overall resistance, which causes the runoff hydrograph to be more
flashy than it would be if the flowpaths were longer. Except in the case of the 30 July 1997 south watershed
storm, the peak runoff predicted by the 1D model typically occurs earlier and has a greater magnitude than
that predicted by the 2D model. The distinction between the 1D and 2D hydrographs is less for the 30 July
1997 south watershed storm because of the low values of Ks in this watershed and the significant volume of
rainfall associated with the storm. The watershed became saturated very quickly in both model simulations.
At saturation, the amount of infiltration is no longer the dominant factor affecting the model output, and
differences between the hydrographs are related only to the more minor effect of flow resistance.
Leakage along the watershed boundary. Differences between the 1D and 2D model hydrographs also reflect
the way each model represents leakage along the boundary of the watershed. Although an attempt was made
to find watersheds with well-defined boundaries, the relief in both the north and south watersheds is so small
and the slopes are so gentle that some leakage along the watershed boundary is inevitable. For each simulation
run, the relative amount of water leaving the watershed along the boundary was estimated from a balance
check. The water balance was computed at the end of each run by subtracting the total volumes of runoff,
infiltration, and water left on the watershed surface, from the total volume of rainfall.
In the case of the 30 July 1997 storm (Figures 5 and 6) for the 1D model, 0Ð75% of the total rainfall in the
north watershed left the watershed at points other than the outflow. For the same storm, however, a 5Ð33%
loss across the boundary was simulated by the 2D model. The increased loss simulated by the 2D model and
the increased volume of infiltration simulated by this model account for the differences between the 1D and
2D hydrographs for the storm.
By contrast, for the same storm at the south watershed, the 1D model simulates a 3Ð74% loss of water
across the boundary, whereas the 2D model simulates a loss of only 1Ð62%. The increased runoff simulated
by the 1D model is adequately explained by the lower amount of infiltration simulated by this model.
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Figure 9. Spatial distribution of flow depth in the north watershed at peak discharge, 30 July 1997, simulated by the 1D model. The rills
and watershed boundary are defined by the survey data

1D versus 2D models
When comparing the 1D and 2D models developed in this study it is important to bear in mind the
fundamental differences between the models. The second-order accurate numerical scheme employed to solve
the kinematic wave equation in the 2D model has a sound mathematical and physical basis. The model is
versatile, in that the flow network for a watershed does not have to be specified in advance and the numerical
scheme is able to integrate converging flows smoothly, despite the rapidly changing flow conditions typical
of the north and south watersheds.
In contrast to the 2D model, the 1D model is based on a flow structure that is fixed for the duration of a
runoff event and employs a somewhat crude application of a first-order accurate numerical scheme to solve
the kinematic wave equation and thus compute the volume of flow through the network. The application of
the numerical scheme is crude because it assumes (1) that inflows to a cell can be summed and treated as if
they had originated in one place and (2) that flow from a cell may be simply divided between two downslope
cells according to the direction of a single slope value computed for the cell. As a result of these assumptions,
flow integration is carried out less smoothly than in the 2D model. With respect to the spatial distribution of
overland flow, the 1D model performs better than the 2D model where flow is concentrated into well-defined
flowpaths (e.g. rills), whereas the 2D model is better suited to simulating dispersed interrill flow on hillslopes
with no rills or channels. This suggests that, in order to model overland flow in the shrubland environment
more realistically, it may be appropriate to combine a 2D model for interrill flow with a 1D model for rill
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Figure 10. Spatial distribution of flow depth in the north watershed at peak discharge, 30 July 1997, simulated by the 2D model

flow. The idea of using different (coupled) models for overland flow and rill or channel flow is not new, but
in existing runoff models, such as KINEROS and WEPP, both the overland flow and channel flow models
are usually represented using 1D models.
The simulation results presented in this study suggest that, despite their differences, both the 1D and the 2D
models have much to offer as tools for the large-scale study of overland flow. Because it is based on a fixed
flow network, the 1D model is better suited to the study of runoff due to individual rainfall events, whereas
the 2D model may, with further development, be used to study both runoff and erosion during multiple rainfall
events in which the dynamic nature of the terrain becomes an important consideration. Slope values can be
recomputed at any time during the operation of the 2D model in response to erosion and deposition.

CONCLUSIONS
Two distributed parameter models, a 1D model and a 2D model, are developed to simulate overland flow in
two small semiarid shrubland watersheds in the Jornada basin, southern New Mexico. The models are event
based and represent each watershed by an array of 1 m2 cells, in which the cell size is approximately equal
to the average area of the shrubs.
Each model uses only six parameters, for which values are obtained from field surveys and rainfall
simulation experiments. In the 1D model, a flow network is generated for a watershed using the Tarboton
(1997) algorithm and flow volumes through this network are computed by a simple finite-difference solution
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Figure 11. Spatial distribution of flow depth in the south watershed at peak discharge, 30 July 1997, simulated by the 1D model

to the 1D kinematic wave equation. In the 2D model, flow directions and volumes are computed by a secondorder predictor–corrector finite-difference solution to the 2D kinematic wave equation, in which flow routing
is implicit and may vary in response to flow conditions.
The models are compared in terms of the runoff hydrograph and the spatial distribution of runoff for two
storms. The results show that both models are capable of providing accurate predictions of the runoff from
the watersheds. However, the 1D model concentrates overland flow more quickly and predicts greater flow
velocities than the 2D model does. As a result, the 1D model tends to overpredict observed peak discharges,
whereas the 2D model tends to underpredict observed peak discharges. Despite these differences, the simulation
results suggest that both the 1D and the 2D models have much to offer as tools for the large-scale study
of overland flow. Because it is based on a fixed flow network, the 1D model is better suited to the study
of runoff due to individual rainfall events, whereas the 2D model may, with further development, be used
to study both runoff and erosion during multiple rainfall events in which the dynamic nature of the terrain
becomes an important consideration.
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Figure 12. Spatial distribution of flow depth in the south watershed at peak discharge, 30 July 1997, simulated by the 2D model

Figure 13. Detailed view of the spatial distribution of flow depth in the south watershed at peak discharge, 30 July 1997, simulated by the
1D model
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Figure 14. Detailed view of the spatial distribution of flow depth in the south watershed at peak discharge, 30 July 1997, simulated by the
2D model
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