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ABSTRACT detachment, and sediment deposition are considered
simultaneously. This approach has received experimen-Two modeling frameworks have been developed to describe and
tal support (Proffitt et al., 1991; Proffitt et al., 1993;predict soil erosion and sediment deposition in recent years. The first
Huang et al., 1999; Heilig et al., 2001), and lays theis based on the concept of transport capacity. Deposition occurs only

when the transport capacity is exceeded. This approach has been foundation for GUEST (Misra and Rose, 1996; Rose et
implemented in WEPP (Water Erosion Prediction Project) and sev- al., 1997). More recently, this approach has been used
eral other physically based erosion prediction models. An alternative to model multi-class sediment deposition (Beuselinck
approach is based on simultaneous erosion and deposition. Net ero- et al., 2002; Hairsine et al., 2002; Sander et al., 2002).
sion or deposition is seen as a result of the dynamic interactions The two modeling frameworks for soil erosion predic-
among all processes involved. The simultaneous erosion and deposi- tion have been reviewed in parallel (Rose, 1993; Rose,tion approach lays the foundation for GUEST (Griffith University

1998). No critical analysis of the erosion and depositionErosion System Template) and for recent studies of multi-size sedi-
equations has been attempted to identify and clarify thement deposition. This paper uses the original governing equations for
similarity and differences between the two frameworks.WEPP and GUEST to represent the two approaches to water erosion
The objective of this paper is to distill from the twoand deposition modeling. The paper shows analytically that the two

sets of governing equations, while vastly different in their appearance, seemingly disparate sets of equations a unifying set of
share an identical structure, and thus can be reduced to a common equations governing soil erosion and sediment deposi-
set of equations unifying both approaches. The unified framework tion. This paper attempts at clarifying the current situa-
involves four terms: (i) sediment concentration at the transport limit, tion with different modeling frameworks, and highlights
(ii) flow detachment, (iii) sedimentation because of gravity, (iv) a the challenges in formulating mathematical descriptions
rainfall-driven sediment source term. The two modeling frameworks of detachment, transport, and deposition processes.show only minor differences in how these four terms are formulated.
Analytical solutions to the unified erosion and deposition equations

MATERIALS AND METHODSshow that the characteristic length for erosion is the ratio of maximum
sediment discharge to maximum rate of detachment, and the charac- In this section, the two alternative sets of erosion and depo-
teristic length for deposition is the ratio of minimum sediment dis- sition equations are summarized in their original form. Equa-
charge to minimum rate of deposition, or simply the ratio of unit tions implemented in the current version of WEPP were con-
discharge to fall velocity. The paper clarifies and simplifies the current sidered to represent the transport capacity approach (Foster
approaches to erosion and deposition modeling. et al., 1995), while the set of equations developed by Hairsine

and Rose (1991, 1992) was used to represent the simultaneous
erosion and deposition approach.

Two alternative approaches to water erosion and
WEPPdeposition modeling have been developed in recent

decades to predict the rates of soil erosion and sediment The governing equation for sediment movement in a rill is
deposition over the landscape. Characteristic of the first
approach is the concept of sediment transport capacity dG

dx
� Df � Di [1]

(Foster and Meyer, 1972; Foster, 1982). Sediment depo-
sition occurs only when this transport capacity is ex- where G is sediment discharge per unit flow width (kg m�1

ceeded. The concept of transport capacity thus plays s�1); Df, the rill erosion or deposition rate (kg m�2 s�1); Di,
a pivotal role in erosion and deposition models. This interrill sediment delivery rate (kg m�2 s�1); and x, the distance
approach to erosion and deposition modeling based on in the downslope direction (m). Note that the governing Eq.

[1] is based on mass balance of sediment in rills. Net erosionsediment transport capacity was adopted for WEPP
in rills is modeled in WEPP by(Nearing et al., 1989; Foster et al., 1995; Laflen et al.,

1997). A very similar approach was used for other physi-
Df � Kr(�f � �c)�1 �

G
Tc

� [2]cally based erosion prediction models such as LISEM
and EUROSEM (de Roo et al., 1996; Morgan et al.,

where Kr is a rill erodibility parameter (m�1 s), �f and �c are1998).
flow shear stress and critical shear stress (Pa), respectively,Another approach to erosion and deposition model-
and Tc is sediment transport capacity (kg m�1 s�1). Equationing is based on the concept of simultaneous erosion and
[2] applies only when G � Tc. When net deposition occurs,deposition (Rose et al., 1983; Rose, 1985; Hairsine and
that is, G � Tc, the Df term is given by:Rose, 1991; Hairsine and Rose, 1992). In this approach,

three continuous processes of rainfall detachment, flow
Df �

�Vf

q
(Tc � G) [3]
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effective fall velocity of the sediment (m s�1) calculated from are stream power and threshold stream power per unit area
(W m�2), respectively, � is the wet density of sediment and 	an effective particle diameter and specific gravity (Foster et

al., 1995), and q is unit discharge, that is, flow rate per unit is the water density, both in kilogram per cubic meters (kg
m�3), g is the gravitational acceleration (m s�2), 
i is the ratio offlow width (m2 s�1).
the sediment concentration near the bed to the mean sedimentInterrill sediment delivery in WEPP is modeled by: concentration across the entire depth (Corley, 1982), and vi

is the fall velocity for size class i (m s�1).
Di � KiadjI e�irSDRRRFnozzle�Rs

w � [4] In Hairsine and Rose (1991, 1992), H was conceptualized
as the fractional shielding of the original soil surface by the
deposited layer. The sediment in suspension was seen to havewhere Kiadj is adjusted interrill erodibility (kg m�4 s), Ie is
originated from two sources. The first is the original soil, theeffective rainfall intensity (m s�1), �ir is the interrill runoff
second the deposited layer. H has also been regarded as therate (m s�1), SDRRR is a sediment delivery ratio, Fnozzle is an
fractional mass shielding of the soil from further erosionadjustment factor to account for sprinkler irrigation impact
(Sander et al., 1996; Heilig et al., 2001). The notion of entrain-energy variation, Rs is the spacing of rills (m), and w is rill
ment in GUEST is essentially the flow removal or detachmentwidth (m). Interrill erodibility is adjusted in WEPP to take
of the original soil (Rose, 1985). The parameter J is a measureinto account the effects of canopy cover, ground cover, roots,
of soil erodibility, for J represents the amount of energy re-and sealing and crusting (Alberts et al., 1995). The effective
quired to entrain a unit mass of the original soil (Hairsine andrainfall intensity is defined in WEPP as the average intensity
Rose, 1992). Stream power in GUEST is defined as the energyevaluated for the period when rain rate exceeds infiltration
expenditure per unit area and calculated as the product ofrate (Foster et al., 1995). The interrill sediment delivery ratio
shear stress and flow velocity.is calculated in WEPP as a function of the random roughness

In practice, both the exponent p and the ratio 
i have beenof the soil surface, the fall velocity of individual particle-size
set to unity (Misra and Rose, 1996; Hairsine et al., 2002).classes of sediment, and the size distribution of the sediment
Consequently, the units of measurement of a and ad are kilo-(Foster et al., 1995; Flanagan and Nearing, 2000).
gram per cubic meter (kg m�3). If we define foi as the fraction
of the original soil in size class i, thenGUEST

The governing equation for sediment movement developed foi �
1
I

[11]for GUEST can be written as:

for size classes of equal mass. With these three modifications,�(ciD)
�t

�
�(ciq)

�x
� ei � edi � ri � rri � di [5]

that is, p � 
i � 1 and Eq. [11], the governing equation in
GUEST can be rewritten as:

where D is water depth (m), ci is the sediment concentration
for particle-size class i (kg m�3), ei and edi are rates of rainfall d(ciq)

dx
� �(1 � H)foia � Had

Mdi

Mdt
�P �detachment and redetachment (kg m�2 s�1), ri and rri are rates

of flow entrainment and re-entrainment (kg m�2 s�1), di is the
rate of deposition (kg m�2 s�1), and t is the time (s). Note that �(1 � H)foi

J
�

H�

(� � 	)gD
Mdi

Mdt
�F(� � �o) � vicithe Eq. [5] is based on mass balance for individual particle-

size classes. The five terms on the right-hand side of Eq. [5]
[12]were modeled as follows:

Note that Eq. [12] applies under steady state condition
when neither ci nor D changes in time; hence the first termei � (1 � H)

aP p

I
[6]

in Eq. [5] vanishes.

edi � HadP p Mdi

Mdt

[7] RESULTS
In this section, we first recast the erosion and deposi-

tion equations used in WEPP to allow easy comparison.ri � (1 � H)
F(� � �o)

IJ
[8]

Equations in GUEST are rearranged for runoff-driven
and rainfall-driven processes. A unified set of erosion
and deposition equations are then derived to show that

rri � H

iF�(� � �o)

(� � 	)gD
Mdi

Mdt

[9] WEPP and GUEST are structurally identical under
steady-state conditions. Finally the unified erosion and
deposition equations are solved analytically and a nu-di � 
ivici [10]
merical example given to illustrate the change in sedi-

where H is the fraction of the original soil covered with depos- ment concentration from an area of net erosion to anited sediment, a is a detachability parameter, p is an exponent,
area of net deposition as a result of a sudden decreaseP is rainfall intensity (m s�1), I is an arbitrary number of size
in slope.classes, ad is the detachability parameter for the deposited

layer, Mdi is the amount of sediment in size class i in the
deposited layer and Mdt is the total amount of deposited sedi- WEPP Equations
ment. Note the ratio Mdi/Mdt represents the fraction of sedi-

For WEPP, we use sediment concentration, c, andment in size class i in the deposited layer. Other variables in
sediment concentration associated with the sedimentEq. [6] through [10] are defined as follows: F is the fraction
transport capacity, ct, and unit discharge, q, to replaceof stream power effective in entrainment and re-entrainment,

J is called specific energy of entrainment (J kg�1), � and �o G with qc and Tc with qct in Eq. [2]. In addition, we
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lump KiadjSDRRRFnozzle into a single interrill erodibility
H �

c
ct

[21]parameter Ki (kg m�4 s). With these notational changes,
we have, in case of net erosion:

with ct given by
d(cq)

dx
� Kr(�f � �c)�1 �

c
ct
� � KiIe�ir

Rs

w
[13]

ct �
�F(� � �o)
(� � 	)gDva

[22]

and for net deposition, Equation [21] represents a new interpretation of H
as a measure of the departure of actual concentrationd(cq)

dx
� �Vfct�1 �

c
ct
� � KiIe�ir

Rs

w
[14] from that at the transport limit. Note also that Eq. [22] is

identical to the expression for the equilibrium sediment
concentration at the transport limit derived by Hairsine
and Rose (1992). This expression for ct and its variousGUEST Equations when Flow Dominates
subsequent modifications have been used in field appli-

For the simultaneous erosion and deposition ap- cations (Ciesiolka et al., 1995; Rose et al., 1997; Yu and
proach, we first ignore the terms associated with rainfall Rose, 1999; Yu et al., 1999). Inserting Eq. [21] into Eq.
detachment and redetachment, and concentrate on the [8] and then Eq. [8] into Eq. [15], noting also Eq. [16],
interaction between flow-driven erosion and deposition and taking summation over all size classes, we have
only. For flows in rills or preferred pathways, GUEST
assumes that the flow-related entrainment and re-entrain- d(cq)

dx
�

F
J

(� � �o)�1 �
c
ct
� [23]

ment are the dominant erosion processes.
For steady state, the governing equation for sediment

When net deposition occurs, the rills or flow pathwaysmovement for size class i when flow-driven processes
would be completely covered with deposited sediment.dominates can be simplified as:
In the context of GUEST, the entrainment term van-
ishes and H equals 1, that is, ri � 0 from Eq. [8]. Note thatd(ciq)

dx
� ri � rri � di [15] from Eq. [9] the re-entrainment term, can be written as

In the case of net erosion, the steady-state condition rri � Hctva
Mdi

Mdt

[24]
requires that the rate of deposition equals the rate of
re-entrainment. If the rate of deposition, for instance, With Eq. [24] to replace the re-entrainment term in
were greater than the rate of re-entrainment, there Eq. [15] and taking summation over all size classes,
would be a net accumulation of deposited sediment over we have
time, which is contrary to the assumption of a steady
state. Thus, the deposited layer must remain invariant in d(cq)

dx
� ctva � �vici [25]

time, and this can only be achieved if the re-entrainment
term balances out the deposition term, that is

because H � 1. Applying the definition of weighted fall
velocity, that is, Eq. [20], we have the following:rri � di [16]

or from Eq. [9] and [10]: d(cq)
dx

� vact�1 �
c
ct
� [26]

H
F�(� � �o)
(� � 	)gD

Mdi

Mdt

� vici [17]

GUEST Equations When Rain Dominates
Summing the equation above for all size classes, we

In areas where rainfall dominates the erosion pro-have
cesses, the governing equation in GUEST for size class
i is given by:H �

(� � 	)gD�vici

�F (� � �o)
[18]

ci
dq
dx

� q
dci

dx
� ei � edi � di [27]

We note that ci can be written as c fi where fi is the
fraction of sediment in suspension in size class i. Conse- The same argument leading to Eq. [16] also applies
quently, to the case when rainfall dominates the erosion pro-

cesses. For steady state, the redetachment and deposi-�vici � c�fivi [19]
tion terms are thus balanced out, resulting in:

We further define va as the average fall velocity
edi � vici [28]weighted by the fraction of suspended sediment in each

size class, that is Using Eq. [7] for edi with p � 1 and summing over
all size classes and using Eq. [28], [19], and [20] leads to

va � �
n

i�1

fivi [20] an expression for equilibrium sediment concentration as

vac � HadP [29]where n is the total number of particle-size classes. With
Eq. [19] and [20], Eq. [18] can be rewritten as The second term on the left-hand side of Eq. [27] was
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assumed to be negligible (Proffitt et al., 1991; Misra that differ only in the ways in which individual terms
are formulated.and Rose, 1996; Sander et al., 1996), implying that the

sediment concentration does not vary in space in rain- The unifying equations for water erosion and deposi-
tion can be written in the following general form; forfall-dominated areas. It is also noted that
net erosion when c � ctdq

dx
� Q [30] d(cq)

dx
� ��1 �

c
ct
� �  [35]

Thus the rainfall detachment for all size classes be-
otherwise for net deposition when c � ctcomes the product of sediment concentration and runoff

rate from Eq. [25]: d(cq)
dx

� ��1 �
c
ct
� �  [36]

cQ � e [31]

It follows from Eq. [31] and [29] that The � term represents the upward movement of sedi-
ment from the original soil matrix, and the � term
represents the downward movement of suspended sedi-e �

Had

va

PQ [32]
ment because of settling under gravity. More precisely,
� is the maximum rate of detachment when the water is
clear (c � 0), while � is the minimum rate of depositionUnification of WEPP and GUEST equations
because the actual rate of deposition (vac) is always

Now we can rewrite the governing equation for greater than � (� vact) in areas of net deposition. The 
GUEST with the following proviso term is the source term representing the lateral sediment

input. Interpretation of these terms in the context of• mass balance is taken for the rills or flow pathways
WEPP and GUEST is summarized in Table 1.per unit flow width,

• flow dominates erosion and deposition processes
Solutions To Unified Equations And Ain these rills or flow pathways,

Numerical Example• lateral sediment input is from areas where rainfall
dominates the erosion processes, Analytical solutions to Eq. [35] and [36] are sought

• the source area for lateral sediment input per flow to illustrate the unified framework for water erosion and
length is given by the spacing between rills or flow deposition. When combined with sensible parameter
pathways, Rs, values, these solutions give insight into how the sedi-

• the lateral source area is an area of net erosion. ment concentration varies when erosion or deposition
occurs. To obtain analytical solutions, it is necessary toFor net erosion, we have from Eq. [23] and [32],
consider simple cases only. It is assumed that q, �, �,
, and ct, do not vary as a function of the distance, x,d(cq)

dx
�

F
J

(� � �o)�1 �
c
ct
� �

Had

va

PQ
Rs

w
[33]

with the initial condition of c � co at x � xo. We further
assume that sediment is of uniform size possessing a

and for net deposition, from Eq. [26] and [32], constant settling velocity of v. Without this assumption
of uniform sediment, ct would vary as a function of xd(cq)

dx
� vact�1 �

c
ct
� �

Had

va

PQ
Rs

w
[34] when deposition occurs in the context of GUEST, be-

cause ct would increase as va decreases with deposition
The ratio of Rs/w in Eq. [33] and [34] converts the of coarse sediment (equation, 22). For both GUEST

rate of detachment in the lateral source area into the and WEPP with � � 1, the deposition term, �, in Eq.
rate of lateral sediment delivery per flow width. By [36] is given by:
comparing Eq. [33] to [13] and Eq. [34] to [14], it is clear

� � vct [37]that the governing equations for WEPP and GUEST are
structurally identical. Despite conceptual differences, for uniform sediment. In WEPP, � � 1 is used in the

absence of raindrop impacts such as furrow irrigationthe two approaches are shown here to lead to equations

Table 1. A comparison of two alternative approaches to water erosion and deposition modeling.

Alternative approaches Transport Capacity Simultaneous erosion and deposition

Representative modeling framework WEPP GUEST
Equivalent conceptions Interrill erosion Rainfall-dominated processes

Interrill sediment delivery Lateral sediment input
Rill erosion and deposition Runoff-dominated processes

Concentration at transport limit, ct Tc /q with Tc a function of flow and soil characteristics
�F (� � �)
(� � p)g D�a

Flow detachment, � Proportional to excess shear stress Proportional to excess stream power
Parameters for flow detachment Kr F J�1

Sedimentation, � Proportional to ct Proportional to ct

Parameters for sedimentation �Vf va

Rain detachment (source term), � Proportional to rainfall intensity Proportional to rainfall intensity
Parameters for rain detachment Ki Had v�1

a
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downslope when the particle settles a vertical distance(Foster et al., 1995). The solution to Eq. [35] for ero-
equal to the water depth. The solutions above describesion is
how the sediment concentration, and hence the sedi-
ment discharge, would vary down a uniform slope withc � coexp [� (x � xo)/�e] � ct�1 �



�� uniform flow rate and soil properties. Let us consider
a numerical example for the case of net erosion followed{1 � exp [� (x � xo)/�e]} [38]
by net deposition. Clear water is fed at the top of the

where �e (m) is a characteristic length for erosion slope consisting of two segments with different slopes
given by: (Fig. 1). The initial condition therefore is that c � 0 at

x � 0. The following parameter values were used:
�e �

ctq
�

[39]
ct1 � 100 kg m�3 for the first segment with a 10% slope

ct2 � 10 kg m�3 for the second segment with a 1% slopeThe numerator in Eq. [39] is the sediment transport
capacity, Tc, in the context of WEPP. The characteristic q � 0.001 m2 s�1

length can therefore be interpreted as a ratio of maxi-
� � 0.1 kg m�2 s�1

mum rate of sediment discharge to maximum rate of
detachment. For the deposition Eq. [36], a similar solu- � � 0.01 kg m�2 s�1

tion can be easily derived:
 � 0

c � coexp [� (x � xo)/�d] � v � 0.001 m s�1

ct�1 �


��{1 � exp [� (x � xo)/�d]} [40]
The magnitude of the unit discharge represents the
steady-state unit discharge at the end of a hill slope with

where �d (m) is a characteristic length for deposition a slope length of 10 m, runoff rate of 36 mm h�1 and a
given by: Rs/w value of 10. With respect to WEPP, a � value of

0.1 kg m�2 s�1 may be related to a situation where the
�d �

q
v

[41] rill erodibility Kr � 0.01 m�1 s and (�f – �c) � 10 Pa.
Note that the suggested limits for the baseline Kr values
are from 0.002 to 0.05 m�1 s (Alberts et al., 1995). ForThe physical meaning of this characteristic length for

deposition is that �d is the total distance a particle travels GUEST, the same � value is obtained when F � 0.1,

Fig. 1. Solutions to the unified erosion and deposition equations to show the downslope variation in sediment concentration as a result of a
sudden decrease in slope steepness. See the text for parameter values used for this illustration.
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J � 10 J kg�1 and (� � �o) � 1 W m�2. While there is as a dynamic variable, which varies as the composition of
no extensive database for F and J values, Misra and the suspended sediment varies, for instance, particularly
Rose (1995) reported an average J value of 8.5 J kg�1 over areas of net deposition. Hence, ct, being dependent
with F varying from 0.18 to 0.25 for a Krasnozem (34% on va, also varies dynamically in areas of net deposition
clay, 26% silt). The fall velocity of 0.001 m s�1 is related as a function of the composition of the suspended sedi-
to particle size of 0.0394 mm (in the range for fine sand), ment.
assuming sediment density of 2600 kg m�3 and kinematic This paper clearly shows that erosion and deposition
viscosity of 10�6 m2 s�1 (Cheng, 1997). equations used in WEPP can be derived from the simul-

For this numerical example, the characteristic length taneous erosion and deposition approach with minor
for erosion and deposition is the same and equals 1 m modifications as pointed out before. This paper also
from Eq. [39] and [41]. Fig. 1 shows the variation of the shows that under steady-state conditions, detachment
sediment concentration as a function of the distance and redetachment are mutually exclusive, and so are
down slope using this set of parameter values. Concen- entrainment and re-entrainment. Some of the terms in
tration increases when net erosion occurs; and concen- the context of GUEST always vanish depending on
tration decreases during net deposition. For this exam- whether it is net erosion or deposition. In addition, it can
ple, the sediment concentration is increased from 0 at be argued that the approach to erosion and deposition
x � 0 to 99.3 kg m�3 at x � 5 m, and then decreased modeling and the associated governing equations are
to 10.6 kg m�3 at x � 10 m (Fig. 1). not as important as how individual processes are formu-

A decrease in slope does not necessarily imply imme- lated because both approaches are structurally the same.
diate deposition. If the soil is less erodible, that is Kr � Most of the current process-based erosion models differ
0.01 m�1 s, � would decrease while characteristic erosion only in the way in which each of the four terms is formu-
length would increase. It is possible that the sediment lated. Within this unified framework for steady state
concentration is still less than the transport capacity for erosion and deposition equations, the challenges lie
the second segment with a lower slope. In fact, when ahead in how best to formulate the relationships describ-
� � 0.0021 kg m�2 s�1 for this example, �e � 47.6 m, ing detachment, transport, and deposition, and how to
and c � 10 kg m�3 at x � 5 m from Eq. [38] and [39]. estimate the parameter values for these relationships to
Thus, when � � 0.0021 kg m�2s�1 no deposition would enable prediction of soil erosion and sediment deposi-
occur on either segments. At the other extreme, the tion reliably and at minimum cost.
entire slope can become an area of net deposition when
the initial concentration at the top of the slope exceeds

CONCLUSION100 kg m�3, the assumed sediment concentration at the
transport limit for the upper segment. With an aim to distill from the two alternative ap-

proaches to mathematical descriptions of the erosion
and deposition processes a unifying framework for ero-DISCUSSION
sion and deposition equations developed in this paper

A number of points require further clarification. First, shows that under steady-state conditions, the governing
this comparative analysis of the governing equations equations in WEPP and GUEST are structurally identi-
for WEPP and GUEST is based on the steady-state cal. They differ only in the way in which rainfall and
assumption. Cancellation of the settling and re-entrain- flow detachments and sedimentation terms are formu-
ment and redetachment terms will only hold under lated, and both require the sediment concentration at
steady-state conditions. Investigations of unsteady sedi- the transport limit that depends on the characteristics
ment movement have been attempted using the simulta- of the flow, the soil, and the suspended sediment. Theneous erosion and deposition approach (Sander et al., paper reinterprets the shielding factor H in the context1996; Hairsine et al., 1999; Heilig et al., 2001), but this of GUEST simply as the ratio of actual sediment con-is beyond the scope of this paper. Second, the critical

centration to that at the transport limit. Analytical solu-step in unifying these two seemingly disparate modeling
tions to the unified erosion and deposition equationsframeworks is an alternative interpretation of H, that
show that the characteristic length for erosion is theis, Eq. [21]. This paper shows that H, under steady-
ratio of maximum sediment discharge to maximum ratestate conditions, can be regarded as the ratio of actual
of detachment, and the characteristic length for deposi-sediment concentration over that at the transport limit.
tion is the ratio of minimum sediment discharge to mini-For areas of net erosion, the ratio is less than unity; for
mum rate of deposition, or simply the ratio of unit dis-areas of net deposition, the ratio is greater than unity.
charge to fall velocity.H becomes a measure of the departure from sediment

concentration at the transport limit. In this paper, inter-
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