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Abstract

The Modified Universal Soil Loss Equation (MUSLE) is one of the com-
monly used empirical soil erosion models for the estimation of the amount
of soil loss from the area of a catchment. Different improved versions of
the MUSLE are available. However, in the MUSLE and improved versions
of the MUSLE, the effect of topography and the relationship between soil
erodibility and runoff on soil erosion and sediment transport are not ex-
plicitly explained.The MUSLE and other similar soil erosion models had
been developed on the basis of regression analysis, and mathematical or
physical interpretation. They do not provide a detailed physical explana-
tion of soil erosion and sediment transport. Therefore, deriving a physically
based soil loss equation for sediment yield estimation (SLESYE) becomes
important to explain the aforementioned problems. To derive the equation,
we considered the potential energy of runoff, the kinetic energy of rainfall,
work done by runoff volume, and soil shear resistance. Physically speaking,

the SLESYE is the most appropriate than the MUSLE and improved ver-
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sions of the MUSLE, and it is also advantageous to the data-scarce area.
Moreover, the SLESYE showed the best performance compared with the
MUSLE and an improved MUSLE for all four watersheds under our con-

sideration.

Keywords: soil erosion, sediment transport, sediment yield, erosion mod-

els

0.1. Introduction

The most commonly used lumped empirical soil erosion models are the Univer-
sal Soil Loss Equation (USLE) [Wischmeier and Smith, 1978], Revised Univer-
sal Soil Loss Equation (RUSLE) [Renard et al., 1997] and Modified Universal
Soil Loss Equation (MUSLE)[Williams, 1975, 1977]. The other similar soil
erosion models are the USLE-M [Kinnell and Risse, 1998], Chines Soil Loss
Equation (CSLE) [Baoyuan et al., 2002], USLE-MM [Bagarello et al., 2015],
USLE-MB [Bagarello et al., 2018], improved MUSLE which does not consider
the peak runoff rate [Tsige et al., 2022a], improved MUSLE which considers
the peak runoff rate [Shi et al., 2022], and a modified RUSLE [Gao et al., 2024].

Williams (1975) developed the MUSLE using 778 storm runoff events col-
lected from 18 small watersheds [Williams, 1975, 1977], with areas varying
from 15 to 1500 ha, slopes from 0.9 to 5.9%, and slope lengths of 78.64-173.74
m (Hann et al. 1994), as cited in [Sadeghi et al., 2014]. The MUSLE is given
by

y = a(Qq)*KLSCP

where y is the sediment yield in metric tons, a is the coefficient, b is the

exponent (a = 11.8 and b = 0.56 for USA, where the MUSLE was originally



developed), @ is the runoff volume in m?, ¢ is the peak runoff rate in m3s~!,

Ly

K is the soil erodibility factor in 0.01 % tons % acre x hour * acre™! x year™
foot™! xtons™! xinch™', L is the slope length factor, S is the slope steepness
factor, C' is the cover factor, and P is the soil conservation practice factor.

The above soil erosion models had been developed on the basis of regression
analysis, and mathematical or physical interpretation. They do not provide a
detailed physical explanation of soil erosion and sediment transport. In the
MUSLE and improved versions of the MUSLE, the effect of the topographic
factor on soil erosion and sediment transport is not clear (for explanations,
refer to Tsige et al. [2022b,a]). Also, the relationship between soil erodibility
and runoff on soil erosion and sediment transport is not explicitly explained.
Therefore, deriving a physically based soil loss equation for sediment yield esti-
mation(SLESYE) becomes important to explain the aforementioned problems.
To derive the equation, we considered the potential energy of runoff, the kinetic
energy of rainfall, work done by runoff volume, and soil shear resistance.

We evaluated the SLESYE at four watersheds of Ethiopia, and we checked
whether the SLESYE was better at estimating sediment yield than the MUSLE
or improved MUSLE. We briefly discussed and compared the SLESYE against
MUSLE or improved MUSLE based on physical concepts associated with soil

erosion and sediment transport.



0.2. Materials and Methods

0.2.1. Description of Study Areas

For our study, we considered four watersheds in Ethiopia such as the Gumera

Watershed, Gilgel Gibe 1 Watershed, Hombole and Mojo watersheds as shown

in figure 1.
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Figure 1: Location of four watersheds under our consideration.

We described the hydroclimate, land use, and soil of the study areas based
on the data, which were prepared or obtained from different sources. Therefore,

our description of the study area was based on climatic data which were ob-
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tained from the National Meteorology Agency of Ethiopia, flow and sediment
data which were obtained from the River Basin Authority of Ethiopia, and soil
maps and land use maps which were prepared from different sources (land use
and soil maps from the River Basin Authority of Ethiopia, harmonized world
soil data, field observation report from the International Soil Reference and
Information Centre, Global land service map, and historical imagery in the

Google Earth Pro) by comparative and logical approaches.
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Figure 2: Monthly average rainfall of each watershed under consideration.
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Figure 3: Monthly average flow at the main outlet point of each watershed under

consideration.

0.2.1.1. Upper Awash River Basin

The Upper Awash River Basin drains into the Koka hydroelectric power reser-
voir. The basin comprises two main gauged watersheds: the Hombole and Mojo
watersheds, which cover 65.26% and 12.87% of the total area of the basin, re-
spectively. The basin also includes an ungauged watershed which covers 21.87%
of the total area of the basin. The total drainage area of the basin is estimated
to be 11,680.25 km?.

For the Hombole and Mojo watersheds (see figure 1), the monthly average
rainfall and monthly average flow at the main outlet points of the watersheds
are given in figures 2 and 3, respectively. The average of suspended sediment
concentrations recorded within the record period from 1989 to 2015 at the main

outlet points of the Hombole and Mojo watersheds was 1.5 kg/m? and 0.16



kg/m? respectively. The annual average maximum and minimum temperatures
were 25.56 °C and 10.06 °C, respectively. Land use change has been observed
in the watershed as shown in figure A.1 — A.4. However, the dominant land
use class of the watersheds is agricultural land. The dominant soil types are

given in figure 4.
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Figure 4: Soil maps of the Hombole and Mojo Watersheds.

0.2.1.2. Gumera Watershed

The Gumera Watershed drains into Lake Tana. Its geographic boundary is
given in figure 1. The total drainage area of the watershed is estimated to be
1278.05 km?.

The monthly average rainfall and monthly average flow at the main outlet
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point of the watershed are given in figures 2 and 3, respectively. The average
of suspended sediment concentrations recorded within the record period from
1990 to 2017 at the main outlet point of the watershed was 3.43kg/m3. The
annual average maximum and minimum temperatures were 25.38 °C and 10.02
°C, respectively. Land use change has been observed in the watershed as shown
in figure A.5 and A.6. However, the dominant land use class of the watershed

is agricultural land. The dominant soil types are given in figure 5.
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Figure 5: Soil map of the Gumera Watershed.

0.2.1.3. Gilgel Gibe 1 Watershed

The Gilgel Gibe 1 Watershed drains into the Gilgel Gibe 1 hydroelectric power
reservoir. Its geographic boundary is given in figure 1. The total drainage area
of the watershed is estimated to be 2928.09 km?.

The monthly average rainfall and monthly average flow at the main outlet
point of the watershed are given in figures 2 and 3, respectively. The average

of suspended sediment concentrations recorded within the record period from
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1990 to 2017 at the main outlet point of the watershed was 0.43 kg/m?>. The

annual average maximum and minimum temperatures were 25.36 °C and 11.7

°C, respectively. Land use change has been observed in the watershed as shown

in figure A.7 and A.8. However, the dominant land use class of the watershed

is agricultural land. The dominant soil types are given in figure 6.
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Figure 6: Soil map of the Gilgel Gibe 1 Watershed.

0.2.2. Sediment Rating Curves

A sediment rating curve was required to generate sediment data from the

corresponding flow data. Therefore, the sediment data were subject to the
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error of the sediment rating curves. Table 1 shows information about suspended
sediment and flow data that we collected from the River Basin Authority of
Ethiopia.

Table 1: Data type and the length of the record period for
each watershed under our consideration.

Name of watershed Data type Record period
Hombole and Mojo Flow 19902016
suspended sediment 1989-2015
Gumera Flow 2000-2017
suspended sediment 1990-2017
Gilgel Gibe 1 Flow 20002015

suspended sediment 1990-2017

We considered temporal patterns of weather, land use change, and data-
related scenarios to draw a sediment rating curve. Accordingly, the sediment

rating curve of each watershed is given in figure 7.
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Figure 7: Sediment rating curve for each watershed under our consideration.

0.2.3. Deriving a Soil Loss Equation For Sedi-

ment Yield Estimation

As indicated in [Tsige et al., 2022a], the MUSLE was improved based on the

underlying physical assumption is that the amount of potential energy of the

runoff is proportional to the shear stress for sediment transport from a slope

field and the kinetic energy of the runoff at the bottom of the slope field for

gully formation. We based on this assumption to derive a soil loss equation.

Therefore, let us consider every runoff volume that will begin at every slope

height and flows down simultaneously to the bottom of the slope (i.e., the runoff

that will start from any point on the entire slope surface due to the uniform
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distribution of rainfall on the entire slope field), and a temporal variation of
every runoff volume at specific slope height. Let us say the position of first
runoff volume, as well as those of the second, third, and so on along the length
of the slope are at the slope heights h, hy, he, and so on from the bottom of
the slope, respectively; one runoff volume takes over the position of another
runoff volume as it flows down to the bottom of the slope.

The total potential energy of the first runoff volume due to its changes in
position as it flows down from the height A to the bottom of the slope is equal
to Fi.

h
Ey :/ pvghdh (1)
0

where p is the density in kg/m3, v is the volume in m3, g is the acceleration
due to gravity in m/s?, h is the height referring to the position of the runoff
volume from the bottom of the slope.

The total runoff volume at a particular point of the slope field is a function
of the runoff depth changing with time, where the bottom area of the runoff

volume does not change with time. Therefore,
t
v= / (dA * (irqin — isoir)) dt (2)
0

t
v=dA / (ivain — iwort) d (3)
0

where 4,4, is the rainfall intensity, is0;; is the soil infiltration rate

Let
t
Q = / (irain - Z'soil) dt (4)
0

Therefore,

v =QdA (5)
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where Q is the runoff depth in m, v is the runoff volume in m3.

Substitute equation 5 into 1

h
E, = dA/ pQghdh (6)
0

If the energy of the runoff volume along the length of the slope (i.e., energy

per a unit area) is considered, therefore,

h
Ey = /O pQghdh (7)

Evaluate integral

_ pgQh?

E
! 2

(8)

The trigonometric relationship between the slope length (h), slope angle (),

and height (h) is given by

h = Lsinf 9)
Substitute equation 9 into 8
Lsinf)?

Let us consider the following explanations in the context of runoff energy for
sediment yield estimation.

As explained in [Tsige et al., 2022a] to improve the MUSLE, the slope and
slope length factors of the MUSLE contribute to the energy of runoff whereas
the soil erodibility, cover, and conservation practice factors of the MUSLE
contribute to resistance to the runoff. This is because soil conservation practice

blocks and at the same time stores the runoff volume up to some level to break
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its energy and reduce its velocity, which mainly increases sediment deposition
by reducing sediment transport. As there more soil protection works are in
a field, more dissipation of the energy of the runoff, and less soil loss from
the slope area and the bottom of the slope are expected. A soil cover doesn’t
store the runoff volume but it blocks the runoff to break its energy, which
mainly reduces soil erosion. However, the soil cover may play less importance in
facilitating sediment deposition. As dense the soil cover or vegetation becomes,
more dissipation of energy of the runoff, and less soil loss from the slope area
and the bottom of the slope are expected. It is obvious that soil erodibility
contributes to the energy dissipation of the runoff. However, its effect on soil
erosion and sediment transport should be explained.

As soil becomes more compacted and smooth, less dissipation of the energy
of the runoff, and less soil loss from the slope area, but more soil loss is expected
from the bottom of the slope due to the concentrated flow. In this case, the
fraction of soil shear resistance against the flow is high (i.e., soil erodibility
property is low) along the length of the slope. The runoff volume will have
high kinetic energy at the bottom of the slope as the potential energy of the
runoff converts to the kinetic energy at the bottom of the slope. Due to the
high kinetic energy at the bottom of the slope, the runoff will have high speed
and momentum to scour the soil surface and leads to the gully formation at
the bottom of the slope. As soil becomes more loose or rough, more dissipation
of the energy of the runoff, more soil loss from the upper parts of the slope
area, less sediment transport or more sediment deposition, and less soil loss
from the bottom of the slope are expected. This is because the runoff loses its
most of energy at the upper part of the slope. In this case, the fraction of soil

shear resistance against the runoff is low (i.e., its erodibility property is high)
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along the length of the slope. Based on this explanations, if a fraction of soil
shear resistance (.S,) against the runoff is zero, then its soil erodibility factor
(K) is one. Therefore,

Sp=1-K (11)

According to this equation, when we say a given soil is difficult to erode or
transport, we mean that its erodibility property is low or it has high shear
resistance against the runoff, which is true.

As slope of the field increases, the energy of the runoff increase, and more
soil erosion is expected. As the slope length decreases, obstacles or friction
resistance against the runoff decreases, and more erosion due to the energy of
the runoff is expected. As the slope length increases, the energy of the runoff
decreases as resistance against flow increases along the length of the slope, and
its shear force decreases. Therefore, sediment deposition is expected at the
lower parts of the slope. Based on this explanation, a coefficient of the energy
dissipation should be taken into account for the energy loss of the runoff volume
due to the length of the slope, for sediment yield estimation.

Equation 10 shows the total potential energy of the first runoff. Based on
the above explanations if the energy loss due to friction is taken into account,
the available total energy of the first runoff volume is equal to AFE;.

_ pgQ(Lsind)*(1 — K)CPLy
N 2

AE; (12)

where Ly is the coefficient of the energy dissipation due to the length of the

slope
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Work done by the first runoff volume is equal to W;

Wy =F *L (13)

where F7j is the force due to the runoff volume, and L is the slope length

The first runoff volume has energy available A Fy, therefore

W1 = AE; (14)
Substitute equation 14 into 13

AFE =L (15)
Rearrange equation 15

=28 (16)

Substitute equation 12 into 16

_ pgQ(Lsing)*(1 — K)CPLy
B 2L

Fy

Simplify equation 17

~ pgQ(Lsin?0)(1 — K)CPLy

I3 5

(18)

Let us now consider second runoff volume. The total potential energy of
the second runoff volume due to its changes in position as it flows down from

the height h; (let us say just immediately after the first runoff volume) to the

16



bottom of the slope is equal to Es.

h1
EQZ/ pvghdh (19)
0

Substitute equation 5 into 19

h1
Ey = dA/ pQghdh (20)
0

If the energy of the runoff volume along the length of the slope (i.e., energy

per a unit area) is considered, therefore,

Evaluate integral

_ pgQhi

E
2 9

(22)

The trigonometric relationship between the slope length (L), slope angle (),

and height (hq) is given by

]’Ll = Llsz‘nH (23)
Substitute equation 23 into 22
Lysind)?

Equation 24 shows the total potential energy of the second runoff volume. If
the energy loss due to friction is taken into account, the available total energy
of the second runoff volume is equal to AFEs.

_ pgQ(Lising)*(1 — K)CPLy,

AFEs 5

(25)
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Work done by the second runoff volume is given by

W2 = F2 * L1 (26)

The second runoff volume has energy available AFs, therefore

Wy = AEs (27)
Substitute equation 27 into 26
NFy = Fylq (28)
Rearrange equation 28
F, = A[fQ (29)

Substitute equation 25 into 29

B pgQ(Lysind)*(1 — K)CPLys
B 2L,

R (30)

Simplify equation 30

_ pgQ(Ly1sin?0)(1 — K)CPLy,

Fy 5

(31)

Let us now consider the third runoff volume. The total potential energy of
the third runoff volume due to its changes in position as it flows down from
the height ho (let us say just immediately after the second runoff volume) to

the bottom of the slope is equal to F3, and so on.

ha
E3:/ pvghdh (32)
0
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Substitute equation 5 into 32

ho
E5 = dA/ pQghdh (33)
0

If the energy of the runoff volume along the length of the slope (i.e., energy

per a unit area) is considered, therefore,

ha
Bo= [ pQghd (34)
0
Evaluate integral
h2
By = P2 g 2 (35)

The trigonometric relationship between the slope length (Ls), slope angle (6),

and height (hg) is given by

hg = Lgsinﬁ (36)
Substitute equation 36 into 35
Losing)?
By — wQ(;m) (37)

Equation 37 shows the total potential energy of the third runoff volume. If the
energy loss due to friction is taken into account, the available total energy of

the third runoff volume is equal to AFEj.

_ pgQ(Lsing)*(1 — K)CPLys

AE; 5 (38)
Work done by the third runoff volume is given by

19



The third runoff volume has energy available A FE3, therefore,

W3 = AFs (40)
Substitute equation 40 into 39

AE3 = F3L, (41)
Rearrange equation 41

=S (42)

Substitute equation 38 into 42

_ pgQ(Lasing)?(1 — K)CPLy3

F3 5L, (43)
Simplify equation 43

By = pgQ(Lgsin®6)(1 — K)CPLys (44)

Therefore, determine the sum of all runoff forces
F=F+FRK+F.+F (45)

Substitute equation 18, 31, 44, and so on into 45.

o ng(LsinQH)(Ql — K)CPLp N ng(Llsin29);1 — K)CPLf2+

ng(Lgsm%’)él — K)CPLys o+ (46)

where L; and Lo are the lengths of the slope corresponding to the heights
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of the slope h; and hg respectively provided that h; and ho are the heights
of the slope just immediately after heights h and h; respectively, and so on.

Therefore, equation 46 is written as

L Lsin?0)(1 — K)CPL
F:/ pgQ(Lsin0)( )CPLy . (47)
0 2
Simplify equation 47
P pgQsin?0 x (1 — K) * CP fOL(L * Ly)dL (48)

2

Next, we define soil shear resistance (shear force) which acts against the runoff

direction parallel to the slope length.

Soil shear resistance which acts at slope height h; parallel to the length of the
slope is equal to f;

f1 = mygcosf (49)

where m; is the mass of soil, g is the acceleration due to gravity

Soil shear resistance which acts at slope height hs parallel to the length of the
slope is equal to fo

fa = magcosh (50)

Soil shear resistance which acts at slope height h3 parallel to the length of the
slope is equal to f3

f3 = magcosh (51)

Soil shear resistance which acts at slope height h,, parallel to the length of the
slope is equal to f,

fn = mpgcosh (52)
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Sum all shear resistances (shear forces) which act against the runoff direction
is equal to Fj

Fs=R+Kh+F+..+F, (53)

Substitute equations 49 — 52, and so on into equation 54
Fy = migcost + magcost + msgcosd + ... + mygcost (54)

Simplify equation 54
Fs = mgcosf (55)

where m is the total mass of sediment
At equilibrium, where sediment deposition takes place or sediment sinks
into a channel at the end of the slope field, the runoff force (F) is taken to be

counterbalanced by the soil shear resistance (F).
F =F, (56)

Substitute equations 48 and 55 into 56

pgQsin?0 x (1 — K) * CP fOL(L * Lp)dL

5 = mgcost (57)
Rearrange equation 57
m = PRA = K)CPsin® /L(L*L )dL (58)
N 2cosf 0 f

Next, let us consider the rainfall impact energy for soil erosion. If the free fall

velocity (terminal velocity) of a raindrop is considered, then the kinetic energy
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(KE) of the raindrop that causes soil erosion on the slope field is given by
L o
KE = 5mv cost (59)

where m is the mass of the raindrop, and u is the terminal velocity of the

raindrop

But m = p x V| therefore
1
KE = iquQCOSH (60)

where p is the density of the raindrop, and V is the volume of the raindrop

The total kinetic energy (K Ejoq;) of the raindrops on the entire slope field is
given by
1
KFE;i 0 = §thu20059 (61)

where V; is the total volume of the raindrop

Let us assume that the raindrop is uniformly distributed over the entire slope

field, therefore, the total volume of the raindrops (V;) is given by
V, = Ah (62)

where A is the area of the slope field, and h is the height of the raindrop

Substitute equation 62 into 61
1 2
KPE:iptq = §pAhu cost (63)

where K Ejyq; is the total kinetic energy of the raindrops
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The area of the slope field is given by
A=Lw (64)

where L is the length of the slope field, and w is the width of the slope field

Substitute equation 64 into 63
1 2
KE a1 = iprhu cost) (65)

Consider equation 65

The total kinetic energy per a unit width of the slope is given by
1 2
KE: i = ipLhu cost (66)

The total amount of soil loss (m) is proportional to the total kinetic energy of
the raindrops, soil resistance against the rainfall impact, and soil cover. The
soil resistance against the rainfall impact can be taken as the soil erodibility
factor of the USLE. Since the soil cover reduces soil erosion by reducing the
raindrop impact energy, it can be taken as the cover factor of the USLE. Since
the soil conservation practice factor has no role in reducing the rainfall impact
energy, we will not consider it in the context of the rainfall energy for soil
erosion. Therefore,

m~ KFEwa x* KC (67)

Substitute equation 66 into 67

1
m o~ §pLhu26089 * KC (68)
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where K is the soil erodibility factor, and C' is the cover factor of the USLE

Equation 58 is based on runoff energy whereas equation 68 is based on rainfall
energy for estimation of the amount of soil loss from a slope field. As runoff
is directly proportional to rainfall, the amount of soil loss due to the runoff is
directly proportional to the amount of soil loss due to the rainfall. Therefore,

correlate equation 58 and 68.

1 - K)CPsin?0 [t 1
PQ 200)59 kil /0 (L* Lyg)dL ~ §pLhu20050 * KC (69)
Rearrange equation 69
L 2 2
hu®Kcos*0
LxL¢)dL ~ L
/0 (Lx L)AL~ 0 =K Psin®0 (70)
Equation 70 can be written as
L L 2 2
hu* K cos*0
Lx L¢)dL ~ dL 1
/O (LxLyp) /0 Q(1 — K)Psin?0 (7D
Simplify equation 71
2K 2
LoLs~ hu*Kcos*0 (72)

Q(1 — K)Psin?6

Rearrange equation 72

hu? K cos?6 . l
Q(1— K)Psin?0 L

Ly~ (73)
Since the effect of the slope length on soil erosion can be seen while keeping
other variables constant. Therefore,

hu?K cos®0

L,= :
Q(1 — K)Psin?6

25



where L, is the constant

Substitute equation 74 into 73

Lo
L~ =2 75
I~ (75)
By defining the proportionality constant ¢ and v
L

We expect sediment transport by a runoff volume if 0 < Ly < 1. As a slope
length increases, Ly decreases to zero. As a slope length becomes smaller and
smaller, Ly approaches one. Since Ly is inversely proportional to L, a value of
v should be a positive value. If ¢L, > 1 and L < 1, there is no a positive value
of v such that 0 < Ly < 1. For a given value of cL,, there is a possible value
of v such that 0 < Ly < 1if L > 1. Therefore, the minimum slope length is

defined to be 1m (i.e., L > 1m) from which soil erosion and sediment transport

take place.
Letv=1
L,
Substitute equation 77 into 58
pQ(1 — K)CPsin®0 /L L,
m o050 ; (L*c 7 )dL (78)

Evaluate integral

1 — K)CPsin?
m ~ PQL JOPsin™0 L., (79)
2cosf
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For a particular field with slope angle and length, soil cover, soil erodibility,

and conservation practice can be controlled. Runoff due to rainfall determines

hydro-climatic conditions of the field, and it independently affects soil loss from

the field. Therefore, by defining the proportionality constants a, and b
aopQ¥(1 — K)C Psin0

m = 52080 L xcL, (80)

Since ag, p, ¢, Ly are all constants, let a = %aocho. Therefore, equation 80 is

We call equation 81 the Soil Loss Equation for Sediment Yield Estimation
(SLESYE).

0.2.4. Evaluating the SLESYE

Just like the improved MUSLE which does not consider the peak runoff rate
[Tsige et al., 2022a], the SLESYE is also based on runoff (Q), soil erodibility
(K), slope steepness(f), slope length (L), cover factor (C), and conservation
practice factor (P). Therefore, we evaluate the SLESYE in the same way as the
MUSLE or improved MUSLE. Thus, we evaluate the SLESYE by considering
annual simulation time step and its appropriate calibration parameters.

The annual simulation time step enables taking into account gully erosion,
gradual soil erosion processes and gradual changing activities like the cyclic
behavior of agricultural activities, conservation practice, flood protection ac-
tivities, plant growth, and harvest with respect to the rainfall pattern and

extreme events in a l-year full cycle.
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Compared with the cover factor, conservation practice factor, and coeffi-
cient of the SLESYE, the individual effect of the exponent and soil erodibility
factor of the SLESYE is reflected during calibration of the sediment yield rather
than their product effect. Therefore, estimating the exponent and soil erodi-
bility factor of the SLESYE through calibration is more feasible than through
other parameters of the SLESYE. For a given uniform watershed, the topo-
graphic factor does not change with time (i.e., it has a constant effect), and
the effect of the topographic factor can be seen when the SLESYE is applied
at different watersheds. In general, runoff and the sediment data reflect the
hydroclimatic conditions of a particular area, which independently affect the
overall calibration process. Our main task is to estimate the best exponent of
the SLESYE by applying the model at different watersheds. For the sake of
calibration procedure, the main variables of the SLESYE which directly affect
soil erosion process such as cover, conservation practice and soil erodibility
are estimated based on the past experiences from the literature and compara-
tive approaches, whereas the parameters which do not directly affect the soil
erosion process or which have no direct physical meaning (i.e., coefficient and
exponent ) are estimated through calibration. For the sake of comparison pur-
poses, we test the SLESYE at four watersheds of Ethiopia where the MUSLE
and improved MUSLE were tested before by following a similar evaluation
procedure.

Based on the above explanations, we estimate the soil erodibility, soil cover,
and conservation practice factors in the same ways as the MUSLE or improved
MUSLE. The procedures to estimate each factor are given in [Tsige et al.,
2022a].

For the slope angle and slope length, the SWAT+ was used to define as

28



many hydrologic response units (hrus) as possible to consider an areal dis-
tribution of the slope steepness and slope length. In the TxtInOut folder of
SWAT+, the area and topography information of each hru were stored in the
hru.con and topography.hyd files, respectively. These files were exported to an
FExcel spreadsheet for analysis.

For a chosen value of the exponent b, the best fit corresponding value
of coefficient a was estimated through calibration. The selection of the best
exponent was performed after calibration of the observed and simulated sed-
iment. During calibration, the Nash—Sutcliffe efficiency corresponds to each
exponent b and coefficient a are evaluated, and graphs of exponent b versus
the Nash—Sutcliffe efficiency and coefficient a versus exponent b are drawn for
each watershed.

We used observed runoff volume to predict sediment load, and we used
observed suspended sediment load to calibrate the model. Thus, figure 8 shows
sample graphs of the calibrated sediment, and figure 9 shows graphs of ex-
ponent b versus the Nash-Sutcliffe efficiency as well as coefficient a versus

exponent b.
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Figure 8: Sample graphs of observed and predicted sediment for all four watersheds

under our consideration. The correlation between the graphs is measured using the

Nash—Sutcliffe efficiency (NSE), coefficient of determination (R?), root mean square

error (RMSE), mean average error (MAE), volume error (VE), and sum of square
error (SSE).
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Figure 9: The relationship between the exponent of the SLESYE and the
Nash-Sutcliffe efficiency as well as the coefficient of the SLESYE versus its exponent.

0.3. Results

We called equation 81 the SLESYE. From figure 9, if one watershed was con-
sidered, the exponent of the SLESYE which resulted in the maximum Nash-
Sutcliffe efficiency was taken, but if two or more watersheds were considered,
the exponent of the SLESYE which resulted in the minimum Nash-Sutcliffe
efficiency was taken. Accordingly, the best actual exponent of the PBSLE was
1.4, which resulted in a Nash-Sutcliffe efficiency of 0.86.

For watersheds under our consideration, as the relationship between the
coeflicient and exponent of the SLESYE approaches to power or logarithmic

function; the relationship between the exponent and the Nash-Sutcliffe effi-
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ciency approaches to a quadratic function (refer to figure 9).

0.4. Discussion

In the SLESYE, the slope steepness factor (S) is given by

22
g sin“ 0 (82)
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Figure 10: The relationship between slope angle and slope steepness factor of the
SLESYE

As slope angle increases slope steepness factor increases. As the slope steepness
factor increases more soil erosion and sediment transport are expected. From
figure 10, there is a direct relationship between slope angle and slope steepness
factor of the SLESYE. Therefore, the derived equation of the slope steepness

factor is appropriate.
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A similarity between the SLESYE and MUSLE is that the runoff volume or
depth, soil cover factor, soil conservation practice factor, slope steepness factor,
and slope length are directly proportional to sediment yield from a slope field. A
primary difference between the SLESYE and MUSLE is that soil erodibility is
directly proportional to the sediment yield in the case of the MUSLE, whereas
in the case of the SLESYE the soil erodibility is indirectly proportional to the
sediment yield. These two proportionalities can be explained by considering

three cases.

a) Case one: how is sediment yield affected if runoff volume is constant in given

periods but soil erodibility increases ?

The MUSLE and SLESYE estimate the total sediment load based on the
total runoff volume. In the case of the MUSLE, the relationship between an
individual runoff volume and soil erodibility on sediment transport is not well
defined. The SLESYE was derived while considering the effect of an individual
runoff volume and soil erodibility on sediment transport.

For the same runoff volume (i.e., for the same rainfall distribution in given
periods), as soil erodibility increases from period to period, the runoff volume
gets concentrated with sediment particles. This action reduces sediment trans-
port and facilitates sediment deposition along the length of the slope, which
eventually leads to mud concentration at the lower parts of the slope. There-
fore, sediment yield at the bottom end of the slope or an outlet of a watershed
is expected to decrease as soil erodibility increases. For example, if we consider
silt and clay soil, silt soil is easily erodible as compared with clay soil (this is
due to cohesive force between soil particles, clay soil has higher cohesive force
than silt soil). Therefore, for the same runoff volume, sediment yield is expected

to decrease for silt soil due to deposition (one reason for the deposition can be
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the settling velocity of soil particles; silt soil settles first as compared with clay
soil). Actually, soil erodibility expresses highly erodible soil to non-erodible soil
(rocky or paved soil). In the SLESYE, if K = 1, it shows mud or high shear
stress. In this case, no sediment transport is expected. If K = 0, it shows a
rocky or paved area. In this case, the cover factor is zero, and therefore, no
soil erosion is expected. This shows that soil erosion and sediment transport
are expected in the range of these two extremes. In the MUSLE, these two
extremes are not clearly defined or the type of soil which has soil erodibility
factor one or zero is not clearly defined.

Based on these explanations, the MUSLE does not consider the sediment
deposition process, whereas the SLESYE considers the sediment deposition

process. Therefore, the SLESYE is more appropriate than the MUSLE.

b) Case two: how is sediment yield affected if runoff volume increases in given

periods but soil erodibility is constant ?

For the same soil erodibility, as runoff volume increases from period to period,
soil erosion and sediment transport are expected to increase and sediment
deposition is expected to decrease due to the scouring power of the runoff
volume. In this case, how soil erosion can be increased if soil erodibility is
constant?

Since soil erodibility refers to the property of soil which indicates how a
given soil is erodible or susceptible to erosion or it refers to the degree of ease
in eroding a given soil, it does not tell us the mass of the soil. For example,
soil erodibility tells us how easy to erode silt soil compared with clay soil, but
it does not directly tell us the mass of silt soil available in a given field. In this
context, more runoff volume erodes and caries more silt soil or other type of

soil having constant erodibility.
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Therefore, based on above explanations, both the MUSLE and the SLESYE

hold true.

c) Case three: how is sediment yield affected if both runoff volume and soil

erodibility increase simultaneously in given periods ?

Depending on the magnitude of runoff volume and soil erodibility factor, soil
erosion and sediment deposition processes are not easy to define. As long
as both the MUSLE and the SLESYE are empirical models in nature, the
SLESYE is more convenient approach for estimation of sediment yield from a

slope field.

0.5. Conclusions

The SLESYE is given by

sin? 6

cos

y=aQ’(1 — K)CPL

(83)

where y is the sediment yield in metric tons, a is the coefficient, b is the

exponent, () is the runoff depth in m, K is the soil erodibility factor, L is the

sin? 0
’ cosf

slope length, @ is the angle of slope in degree

is the slope steepness factor
(S), C is the soil cover factor, P is the soil conservation practice factor.

The performance of the SLESYE is greater than or equal to 86% for all wa-
tersheds under our consideration. Therefore, the performance of the SLESYE
was better than the regionalized MUSLE (i.e., the minimum performance was
80%) [Tsige et al., 2022b] or improved MUSLE (i.e. the minimum performance
was 84%) [Tsige et al., 2022a]. The theoretical exponent of the SLESYE is de-

termined in the same way as the improved MUSLE [Tsige et al., 2022a]. The
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best actual exponent of the SLESYE was 1.4 based on four watersheds under
our consideration.

Unlike the MUSLE and improved versions of the MUSLE, the SLESYE
explains sediment transport and deposition processes. Therefore, physically
speaking, the SLESYE is the most appropriate than the MUSLE and improved
versions of the MUSLE. The SLESYE does not consider peak runoff rate, and
therefore, it is advantageous to the data-scarce area as the peak runoff rate
is not commonly available data. Another advantage of the SLESYE over the
MUSLE and improved versions of the MUSLE is that the individual effect of
the soil erodibility factor is reflected during the calibration of sediment yield
rather than its product effect. Therefore, in the case of the SLESYE, the soil
erodibility factor can be determined through calibration for a particular area.
If we include the peak runoff rate in the SLESYE, the physical meaning for
sediment estimation is still appropriate, we also recommend including the peak
runoff rate in the SLESYE and testing its performance if the peak runoff data
are available.

Like the MUSLE and improved versions of the MUSLE, the SLESYE does
not consider channel erosion, mudflow, and massive land movement due to
landslides or slumps. We can not exactly tell whether the MUSLE considers
gully erosion or not, there is no indication to say gully erosion is considered in

the SLESYE. This is because runoff concentration can lead to gully formation.
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Figure A.1: Land use map of the Hombole and Mojo Watersheds from 1989 to 2000.
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Figure A.2: Land use map of the Hombole and Mojo Watersheds from 2001 to 2008.
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Figure A.3: Land use map of the Hombole and Mojo Watersheds from 2009 to 2012.
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Figure A.4: Land use map of the Hombole and Mojo Watersheds from 2013 to 2015.
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Figure A.7: Land use map of the Gilgel Gibe 1 Watershed from 1989 to 2009.
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Figure A.8: Land use map of the Gilgel Gibe 1 Watershed from 2010 to 2015.
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